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Final Report on

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Project No. R-55

J. T. Lee

In accordance with the agreement in the subject purchase order, a

final report is hereby submitted.

The purchase order provided for partial support for the National
Severe Storms Project (NSSP) including
Area 1. Acquisition and analysis of turbulence data
Area 2. Comparisons of storm project data with satellite
data, and
Area 3. Studies of the effect of meteorological phenomena on

supersonic aircraft design and operation.

Under these conditions the following division of the funds was ap-
proved by NASA:
ltem A. Preliminary processing of aircraft flight data including computer
rental.
ltem B. Maodification of DC~6 aircraft for Drone control.
ltem C. Rental of facilities for Research Flight Facility (RFF) aircraft
during staging operations ot Oklahoma City.

ltem D. Direct supporting costs.
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ltem E. Research on data already collected and preparation of reports.

ltem A (above)

Reference is made to NSSP Report No. 14, "Field Operations of the
National Severe Storms Project in Spring 1962," for a detailed description
of the aircraft and other types of observations made during the operational

season.

In the operation of aircraft, the B-26 flew on 26 days. These flights
have been machine processed and time histories of these data machine plotted.
IBM 1620 computer time was rented from the U. S. Army Corps of -Engineers
and machine-plotted curves were provided by McDonnell Automation Center
of St. louis, Mo., under contractual agreement with the Weather Bureau.
While the machine plots are not in completed form (time hacks have to be
entered manually), an example is attached with the corresponding post-

navigated flight path.

A preliminary analysis of these data has been started. Machine plot-
ting of time histories of the DC~6's and B-57 data is also being accomplished.
When completed, the material will be incorporated in the study of the
dynamics and wind structures around thunderstorms. Coincident with some of
these times, aircraft penetrations were being made to study turbulence

distributions in clouds.



ltem B (above)

The modification of a DC-6 aircraft for drone control was made and
a number of test flights were accomplished. The feasibility of the use of
drone aircraft for meteorological sampling was "conditionally" proved.
However, during the trial period, no opportunity presented itself for actual
penetration of clouds by the drone aircraft. Therefore, the utilization of
drone aircraft as an instrument platform to probe areas expected to be too
turbulent for manned aircraft still needs to be tested. A report, "Research
Use of Instrumental Drones in Cloud Physics and Meteorology," by R.E.Ruskin
(NRL Report 5923, June 1963) gives the full details and an evaluation of

this effort, and is included as a part of this report.

items C and D (above)

The RFF aircraft consisting of two DC-6's, one B-57 and one B-26 were
based at Will Rogers Field at Oklahoma City from around April 20 to June 8.
Approximately 60 flights were made by these aircraft gathering data in severe
local storm environments. These flight altitude data include:

1. Aircraft position as determined by Doppler radar
2, Temperature

3. Humidity

4. Wind speed and direction

5. Pressure altitude

6. Radar altitude
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7. Horizontal and vertical cross sections of thunderstorms as seen by
airborne radar
8. Time lapse cloud photography
9. Dropsonde measurements of the temperature and humidity of the layer

of air beneath the aircraft.

ltem E (above)

Research under this grouping was aimed at yielding as much of an answer
as possible under the limitations of staff and time to the subjects mentioned in
Areas |, 2 and 3 above. Since most of these have been Incorporated into
the NSSP preprint reports a complete list of the publications to date. is included.
These preprints should be considered as constituting a portion of this final report.
Preprints Nos. 8 through 16 are of particular interest. Coples of these have
already been sent to NASA. Report No. 19, now in preparation, is a study
of the high liquid water content measured in a cloud at a penetration altitude
near 30,000 ft. A copy of this report will be forwarded to NASA as soon as

it is published.

Turbulence data for twenty-two T-33 flights have been analyzed and
compared to the path of the aircraft through the thunderstorm. The report
on this work is included in the attached paper, "Thunderstorm Turbulence
Measurements by Aircraft and Concurrent Radar Echo Evaluations,” which,
although prepared for the FAA, contains such materials also considered to be

of value to NASA, In addition, twenty-four thunderstorm penetrations by
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the F-100 used os a turbulence probe with the T-33 have had the turbulence
data broken down into derived gust velocities. Preparation of time historles
of this parameter and the study of the relationship to the T-33 and radar data

is a continuing research project.

The attached report "On Vectoring Aircraft Through Thunderstorms)'
also prepared for the FAA but containing material significant to NASA, is
a summary of the problems encountered in thunderstorm penetratiors and the

meterological aspects thereof.

As a part of the investigation into the liquid water content found in
clouds ot levels above 35,000 ft. and the extent to which thunderstorms can
rise above the height of the surrounding tropopause, a number of U~2 flights
have been analyzed according to cloud formatiors. Due to 30 nautical miles
or larger errors in the Doppler navigation system, the postnavigation has been
very complicated and the resultant work very slow. However, included here
is one example of a thunderstorm cloud (see cloud photograph) which appears
unique in several ways.

1. The almost complete depletion of sunlight on the right-hand side of
the cloud even at the extreme top where the horizontal distance is about
3,000 ft. This, plus the texture of the cloud, suggests the presence of

relatively high liquid water content.
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2. Note that this cloud has an opparent base of near 30,000 ft. and

the top, as computed by two different triangulation measurements, is near

55,000 ft. How numerous clouds of this type are and the number which rise

above 50,000 ft. have not been ascertained.

Below are listed some heights of thunderstorm cloud tops as obtained

from U-2 data. A few of the pilot's comments on turbulence are included

as points to be considered in the operation of supersonic aircraft in the

vicinity of thunderstorms.

May 24, 1962

May 25, 1962

May 28, 1962

June 5, 1962

Tops 53,000 - 54,000 ft. T-33 ond F-100
penetrated this storm (see report "Thunderstorm
Turbulence Measurements by Aircraft and Concurrent
Rador Echo Evaluations," pages 45-47, for derived
gust velocities experienced by the T-33).

Tops 55,000 to 58,000 ft., gradually building to
65,000 ft. Pilot experienced moderate~severe
turbulence and vertical currents above top of cloud.
Tops 50,000 to 55,000 ft. common.

Tops averaged 57,000 ft., maximum tops 62,000 ft.
Pilot reported severe turbulence at 56,000 ft., 3
nautical miles northwest of storm. Airspeed increased
as if aircraft were .in an updraft, but rate of climb

decreased as in a downdraft.
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In order to provide an additional method of obtaining cloud top heights, rate of
growth, and relationship of the visible cloud to the cloud as seen on radar, a pair of
phototheodolites was installed at Norman, Oklahoma. The enclosed aerial photograph
shows the locations of the two imstruments. Also included is a photograph of one of
the phototheodolites. The two units are separated by a distance of 6764.72 ft. Since
the degree of accuracy of the instrument itself is 0.1 mil (0.056 deg.) the main source
of error is in atmospheric refraction, orientation, base line accuracy, etc. The total
error is probably less than 0.5 mils and in tests by the U. S. Army the accuracy was
normally better ithan 0.3 mils under operating conditions. A synchronous timing circuit
was employed to take simultaneous photographs for triangulation. Using fhe following

diagram

Z
A P
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where | = position of phototheodolite No. 1
Il = position of phototheodolite No. 2
d = length of base line
Ah = difference in height of No. 1 and No. 2 installations
P = point of cloud in space
then assuming a flat earth and a right-handed coordinate system as shown,

the Cartesion coordinate of point P in space is given by

d
cot A | - cot A”

~<
!

= X cot Al

Z = X tan BI csc A|=Xfcn By} csc A||+Ah

Cloud tops growth determined by this method has an accuracy of better

1

than + 4 meters sec”'. However, due to lack of suitable clouds, no useable

data was obtainalduring the 1963 operational season.

Investigations into possible causes of clear air turbulence at jet altitudes
so far have led into the possibility of the use of the vertical shear of the
winds and the vertical motion at flight levels as forecast parameters. Thev
included unpublished papers, "Vertical Velocity as Expressed by the Horizontal
Equation of Motion,” and "A Dynamic-Kinematic Method for Computing

Vertical Motion," are admittedly only a start on what still is a very

perplexing problem,



In preparation for preprints are,

“Free~Water Content Measurement and High-Speed Droplet Photography
During Penetration of Great Plains Thunderstorms,” by G.P. Roys.
"Preliminary Result of Analysis of the Cumulonimbus Cloud of April 21, 1961,"
by T. Fujita.
"An Aircraft Investigation of the cT = mT Boundary and Its Role in the
Development of Organized Convective Activity," by L. D. Sanders, and
"Seasonal Tornado Frequencies," by N. E. Prosser.

These preprints should be considered as supplements to this report and will be

forwarded in the oppropriate quantities when received from the printer.
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Attachments:
l. List of NSSP Reports Nos. 1 through 16
. B~26 time history and flight path
i, Report, "Thunderstorm Turbulence Measurements by

Aircraft and Concurrent Radar Echo Evaluations"
Iv. Report, "On Vectoring Aircraft Through Thunderstorms”
V. U-2 photograph of cumulonimbus

Vl.a Aerial photo of location of phototheodolites

b. Photo of phototheodolite

Vil. Paper, "Vertical Velocity as Expressed by the Horizontal

Equation of Motion"

Viil. Paper, "A Dynamic-Kinematic Method for Computing

Vertical Motion"
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LIST OF NSSP REPORTS NOS. 1 THROUGH 16



List of NSSP Preprints Nos. 1 through 16

m. ]

No. ¢
No. 10

No. 11

No. 12

No.13

No. 14

No. 15

"National Severe Storms Project Objectives and Basic Design,"
Staff, NSSP, March 1961.

"The Development of Aircraft Investigations of Squall Lines from
1956-1960," B. B. Goddard, February 1962.

"Irstability Lines and Their Environments as Shown by Aircraft
Soundings and Quosi-Horizontal Traverses," D. T. Williams, February 1962.

“On the Mechanics of the Tornado," J. R. Fulks, February 1962.

"A Summary of Field Operations and Data Collection by the National
Severe Storms Project in Spring 1961," J. T. Lee, March 1962.

“Index to the NSSP Surface Network,” T. Fujita, April 1962.

"The Vertical Structure of Three Dry Lines as Revealed by Aircraft
Traverses,” E. L. McGuire, April 1962.

"Radar Observations of a Tornado Thunderstorm In Vertical Section,”
Ralph J. Donaldson, Jr., April 1962.

"Dynamics of Severe Convective Storms," Chester W. Newton, July 1962,

"Some Measured Characteristics of Severe Storm Turbulcnce,
Roy Steiner and Richard H. Rhyne, July 1962.

"A Study of the Kinematic Properties of Certain Small-Scale Systems,®
D. T. Williams, October 1962.

*Analysis of the Severe Weather Factor in Automatic Control of Alr
Route Traffic," W. Boynton Beckwith, December 1962.

"500~Kc./Sec. Sferics Studies in Severe Storms,” Douglas A. Kohl
and John E. Miller, April 1963.

“Field Operations of the National Severe Storms Project in Spring1962,"
L. D. Sanders, May 1963.

"Penetrations of Thunderstorms by an Alrcreft Flying at Supersonic Spudl
G.P.Roys.

"Radar Photographs and Gust Loads in Three Storms of 1961 Rough Rider,"
Paul W. J. Schumacher, May 1963.



No. 16 "Analysis of Selected Aircraft Data from NSSP Operations, 1962,
T. Fulita, May 1963.
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EXAMPLE OF AIRCRAFT POSTNAVIGATION AND TIME-HISTORY
OF RECORDED METEOROLOGICAL PARAMETERS
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ATTACHMENT il

* THUNDERSTORM TURBULENCE MEASUREMENTS BY AIRCRAFT

AND CONCURRENT RADAR ECHO EVALUATIONS" °

J. T. Lee



ABSTRACT

Atmospheric turbulence in thunderstorms has always created
a problem in alrcraft operations. In order to define the most
critical areas so that suitable avolidance procedures may be
developed, a study was made of a number of controlled alrcraft
penetrations of thunderstorms. The relationship between thunder-
storm growth, radar measurements and atmospheric turbulence was
investigated. As background materlal, a brief resume of turbu-
lence, turbulence measurements and radar reflectivity concepts
is given. Case studies, along with data from previous reports,
are used to show that there appears to be no direct corfelation
between radar echo intensity or gradient of successive reflectivity
values and turbulence. Rather, there appears to exist a positive
correlation between turbulence and rate of change in radar
reflectivity. The most likely position of the critical area
is also discussed. Altlitude changes occurring during thunder-
storm penetratlons are also given to indicate the amount of

alr space required by an aircraft.



THUNDERSTORM TURBULENCE MEASUREMENTS BY
ATRCRAFT AND CONCURRENT RADAR ECHO EVALUATIONS

1. INTRODUCTION

Sutton {1J defines turbulence as "a state of fluid flow in
which the instantaneous veloclities exhiblt 1rregular and apparent-

ly random fluctuations..."

With respect to a thunderstorm, tur-
bulence is usually thought of as a sequence of irregular vertical
or horizontal motions of the air within the storm area. This
motion can be divided for convenience into two classes -~ drafts
and gusts, although 1t is recognized that no sharp division exists.
The Thunderstorm Project Report of 1949 [2] defined these as:
"Draft - a sustained, nonhorizontal, current or stream of air in
a thunderstorm. Drafts are continucus over regions as large as

a thunderstorm cell, and vertical components are greater than
approximately 3 ft. sec. ™ ." "Gust - an irregular, local, tran-
sitory varliation in a velocity fleld. These irregular variations
are usually considered to be a number of small eddies superim-

posed on the general air flow. They may be found both 1lnside

and outside the main drafts."

The Meteorological Glossary [3] defines gusts related to
aircraft turbulence as "a sharp change in wind speed relative to
the aircraft . . . resulting in increased structural stress upon
the aircraft." ‘Thus, turbulence caused by gusts within a

thunderstorm can be considered as resulting from shear zones

associated wlth the thunderstorm drafts.
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The Thunderstorm Project [2] in 1946-47 working at altitudes
below 26,000 ft. m.s.l. found that the most frequent gust size

was approximately 150 ft. in dlameter although ranges from 25 ft,

to 800 ft. were measured.
2. AIRCRAWT

In the investigations of the National Severe Storms Project
during the period 1960-1962 under the code name "Rough Rider",
alrcraft penetratiors of thunderstorms were made predominantly
from above 25,000 ft. to 40,000 ft. Some of the alrcraft used
are shown in flgure l. These thunderstorm penetrations were
controlled penetrations of selected storms by the specially-
Instrumented jet alrcraft. The controlling was done by a Federal
Aviation Agency controller,; the storms selected by the National
Severe Storms Project personnel and the alrcrart operated by the
Aeronautical Systems Division of the United States Alr Force.

The aircraft were equipped with a recording accelerometer mounted
at the plane's center of gravity. Accelerations normal to the
axis of the aircraft (AN) were recorded in analogue form. These
records were then read at O.l-second intervals in the data
reductlion process. This interval was found to be sufficlently
short to define most of the turbulence experienced. In addition,
alrspeed, pressure altitude, alrcraft weight, alrcraft altltude

and other speclal Information were recorded.

The maln portion of this report wlll be restricted to data

collected by a T=33 alrcraft flying at an average true air speed



of 360 knots or 608 ft. sec.™Y,
3. RADAR

Concurrent with the alrcraft observations, reflectivity
measurements were made with a calibrated WSR-57 10 cm. weather
radar. The location of the aircraft was monitored by use of
an IFF transponder 1n the alrcraft and an MPX-7 radar on the
ground, the MPX;7 antenna belng synchronized wlth the WSR-5T7
radar. The resulting radar data consists of 35 mm. photographs
(fig. 2) taken at 15- to 17;second intervals ~ one for each
revolution of the antenna - showing the radar echo configuration
of the storm at the penetration altitude and the IFF pbsition of
the alrcraft. A proflle of the intensity of the storm was
acquired by systematlc attenuation of the radar return during a
series of antenna scans. This technique provided a quantitative
measurement of echo intensity or "zZ" values for comparison with

the vertical acceleration measured by the alrcraft.

Baslcally, the equation used in radar computations for the
ratio of the average power returned (P;) from a cloud section to

the power transmitted (Pt) is given by Battan [4] as

T o 09oha’ Jx° 6
..-‘?- P ppa— ( bAp) . —EJ V?l D where
Pt 72 A r

P} = average power returned (energy received at the antenna)
Pt = power transmitted

8 = horizontal width of radar beam



vertical width of radar beam
= pulse length

apertural area of the parabololdal reflector of the antenns

>‘.d’bb'-8
il

wave length of radlation

2
K =52 = 1 where "m" is the complex index of refraction

m- + 2

range of target
D = dlameter of droplets

As can be seen 1n the above equation, all factors except K,
r, and D are fixed by the physlical properties of the radar. For
water droplets |K21 has been found to have a value neér 0.93 for
10 ecm. radar [5] and will be considered as 0.93 in this report.
This leaves the range (r) and the number and size of the drops
in the radar beam as the only variables which will change the
numerical value of the ratio, or, in practice, the "brightness"

of the echo., The term X D6 in the precedlng equation is called

vol
the reflectivity factor and is designated by the symbol Z and has

the unit of mm.? m.”3, Thus, the equation can be written for a

particular radar as

P Z ,
L=c -5 where C 1s a constant equal to
Pt r

5 2
U, T T
T2 A
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In the followlng report the radar echo intensities are given
in terms of the reflectivity "Z" normalized for range. This then
ylelds a quantltative measurement of echo intensity which can be
used 1n comparing one case to another. It has been assumed 1ln
this report that the entire radar beam 1s intercepted by the

cloud.

The radar data were extracted from the film recordings by
making composite tracings of the intensity contours and IFF track
at two-minute intervals as shown in fig. 3. For the 1962 data,
the area enclosed by each Z level contour was planimetered in
order to determine the horizontal cross-sectional area of that
particular echo intensity. Time cross sections of these data
were then constructed to provide horizontal growth profiles of
the thunderstorm. It 1s assumed that if an area of particular
intenslty is Increasing in size then the storm is increasing in
intensity. If the area 1s decreasing, then the storm 1s decreas-
ing. Gradient values were determined along the alrcraft track
and were measured along a normal to the isopleths of echo 1nten;

slity.
4, TURBULENCE

A, Discussion

Prior to 1954 a gust-load formula was developed and utilized
by the National Aeronautics and Space Administration iIn the
evaluation and interpretation of gust and gust-load data experi-
enced during flights through turbulent alr. This formula reduced



the data to an "effective" gust velocity (Ue) [6]. This served
to relate the peak accelerations due to gusts to be expected on
a glven alrcraft to the peak accelerations measured by another
aircraft. After 1954 a revised gust-load formula was developed
by Pratt and Walker [7]. The basic assumpflons are:

1l. The airplane is a rigid body,

2. The alrplane forward speed 1ls constant,

3. The airplane is 1n steady level flight prior to entry
into the gust,
I, The airplane can rise but cannot pitch,
5., The 1lift increments of the fuselage and horizontal tall
surfaces are negligible in comparilison with the wing 1ift increment,
6. The gust velocity is uniform across the wing span and 1s

parallel to the vertical axls of the alrplane at any instant.

Disregarding forces assoclated with steady level flight a
summation of vertical or normal forces on the alrplane 1n a gust,

the following equation was developed:

2 2
d"z a“z 1
M +-V28m — ¢y (t=1t)) — —dt
462 ’[0217 L 1 ate v 1

U 1
=%v2 vafoé-ﬁch (t-tl)-——-rc————-dtl+

‘%stfﬂvﬂ%l CL(t)

where CL = transient 1ift response to penetration of sharp-edge
g
gust

CL = transient 1ift response to unit-jump change 1n angle
a



m = wing lift-curve slope, per radlan

M = alrplane mass, slugs

S = wlng area, sq. ft.

t = time, sec.

tl = dummy variable 1n superposition integral, sec,
U = gust velocity (maximum value), fps

u = gust veloclty at any penetration distance, fps
= girspeed, fps
z = alrplane vertical displacement (positive upward), ft.

p = alr density, slugs/cu. ft.

The first term on the left-hand slde i1s the 1lnertla reaction
and the second term is the damping force due to the alrcraft
vertical velocity. On the right-hand side, both terms are forces
due to gusts having zero velocity at the beginning of penetration
and the second term 1s the force due to a gust having an initlal

veloclty other than zero at the beginning of penetration.

Pratt and Walker solved the above equation using certain
relationships and assuming a (1 - cos) gust shape (fig. 4c) with
the gust reaching maximum value in 12,5 chord lengths. Thils
ylelded a new term called "derived" gust velocity Uge and is

given by
2a. W
U n
de = o ST K where
max P,V ey
a, = normal acceleration
W = glrcraft weight



m = wlng lift-curve slope

Py = alr density at sea level

S = wilng area

Vé = equlvalent alr speed

Ké = gust factor (revised alleviation factor)

The "effective" gust velocity U, formerly used is related to
the derived gust velocity Ude as follows:

Ude = Ue %}- where K 1s the alleviation factor used in com~
puting the "effective gust" and the other terms are the same as
previously defined. The factor %— averages about 1.8 and this
value has been used in this repor% to compare data gathered in

thunderstorm penetrations before 1954 with the present project
data.

The values of the derived gust velocitles (Ude) form a
better means of transferring the acceleration measurements on one
alrcraft to another. The baslc measurements used in thls method
are the peak accelerations at the center of gravity of the alr-

plane.

For delineating various degrees of turbulence the following
definitions [8] and corresponding Uae values have been agreed

upon and are given In Table 1.

In the following studies the Ude values are presented 1n
several forms, (1) time histories, (2) frequency distribution
per flight, and (3) average number of gusts per unit distance
(£ig. 4).
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Table 1. Turbulence definitions and corresponding derived gust velocities.
TURBU-
LENCE DEFINITION Ude
Light A turbulent condition during which occupants Less than
may be required to use seat belts, but objects 20 fps
in the airplane remain at rest.
Moderate A turbulent condition in which occupants 20-35 fps
require seat belts and occasionally are thrown
against the belt. Unsecured objects in the
aircraft move about.
Severe A turbulent condition in which the aircraft 35-50 fps
momentarily may be out of control. Occupants
are thrown violently against the belt and back
into the seat. Objects not secured in the
aircraft are tossed about.
Extreme A rarely encountered turbulent condition in 50 fps and
which the aircraft is violently tossed about, above

and is practically impossible to control. May
cause structural damage.
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If a continuous time history of the true vertical velocity

(wg) is desired the following equation must be evaluated:

wg =Vav-—V6+wa+Xé

where Wy = vertical velocity of the air
w, = alrplane vertical velocity
V = true alrspeed
a, = vane indlicated angle of attack
6 = pltch angle

A

of-attack vanes

distance between the accelerometer and the angle-

8 = pitch velocity
All of the quantities are measured directly by the penetration
aircraft except Wy which can be determined from an integration

of the accelerometer measurements.

A comparison between the derilved gust veloclty (Ude),
vertical component of true gust veloclty (wg) and lateral com-
ponent of true gust velocity (vg) is shown for a particular

case 1In figure 5 and 1s stated by Steiner [9].

The derived gust veloclity and true gust velocity scales on
the plot are of the same magnitude and units but are really not
comparable. The wg and vg time historiles represent the true air
flow, the Ude time history represents a resulting load level on
an aircraft. Each arrow at the top of the figure 1s located at
the instant along the time history at which the alrcraft reached

a maxlmum acceleration and the length of the arrow represents the

magnitude of the computed derived gust velocity. It can be seen



that each derived gust velocity appears tc correlate with, or
result from, a sharp change in the vertical veloclty of the air
flow. The broader or longer wave length changes in the air flow,
although most times several times greater than Ude' do not glve
rise to very large aircraft accelerations. Thus Ude representg

the turbulence but does not glve a measure of the draft veloclties.

Due to instrumental difficulties in 1962 accurate evaluation
of the vertical gust veloclty (wg) has not been completed, and
therefore only the derived gust velocity (Ude) wlll be used.

When thinking of turbulence it must also be borne in mind
that several factors enter into a pilot's determination of the
classification of turbulence and that the officlal definltions
and Ude values may not always be 1n agreement with comments of

pilots as to the degree of turbulence.

During a preliminary evaluation of the 1961 data [10] the
records taken durling the penetratlons indicated high roll and
pltch rates, and i1f the pllot were not expecting such disturb-
ances the ailrcraft could quickly end up in extreme attitudes.
The pllot was given the opportunlity to engage in both physical
and mental preparation and thus successful thunderstorm pene=-
trations were accomplished. This was as true for the subsonic
penetfations as 1t was for those conducted at supersonic speeds.
from this experience and records, the Air Force Aeronautical

Systems Division developed the following list of factors whlch

influence pllots! reports on turbulencet
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(a) Meteorological

1. Presence or absence of large gust velocitiles

2. Frequency of occurrence of all gusts
(b) Personal

1. Mental attlitude~preparation for encounter

2. Prior training

3. Prior experience in turbulence

4, Prior experience in the type of aircraft
(c) Operational

l. Type and alrspeed of alrcraft

2. Time spent in turbulence.

This 1s 1llustrated in figure 6, using data from the 1961
flights. In this flgure the envelopes surrounding the pllot
reports of turbulence in the "moderate" and "severe" categories
are superimposed upon the frequency and derived gust velocity
recorded at the time of the pillot's comment. It can be seen
that at high frequencies (1 or more per n, mi.) and up to Ude
value of 25 ft. sec.‘l, the two envelopes are roughly equlvalent.
The pllot's evaluation of intensity of turbulence in this reglon
must therefore be considered very subjective. Above Ude values

of 25 ft. sec.”T, this ambiguity tends to disappear.

Earlier work in the Thunderstorm Project [2] also showed
this. The intensity of the turbulence reported was almost en-
tirely determined by the gusts encountered and not by the alti-
tude displacement experienced by the aircraft. Thelr data
indicated that if the frequency of gusts greater than Ude value
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of 27 ft. sec.™ was more than 8 per 3,000 ft. (5 sec. of T=33
time) the turbulence was called "heavy". However, in the fol-
lowing discussion only in a few cases will the pllot comments be
used. Normally the defined class limlts of the derived gust
velocity wlll be used in the characterization of the turbulence

encountered.

B. New data

In the computations of the derived gust velocities the
followlng assumptlons have been made in addition to those made
for the basic equation:

(a) The weight of the alrcraft remains constant during a
specific run or pass.

(b) Variations of + 500 ft. from a particular altitude can
be neglected; variations of more than'i 500 ft. are recognized in
the computatlions in facﬁors involving ﬁir density.

(c) Airspeed can be used at 10-knot intervals without intro-
ducing more than a 0.5% error.

These above assumptions have been found to produce at a maximum
less than a 5% error which is within the limits of the instru-
mental accuracy.

Specific examples of the turbulence measurements are shown
in figures 7 - 13 for May 23, 1962, and figures 14 - 16 for
May 24, 1962. These show,

(a) Series of tracings of the radar scope echo of the
penetration cloud with several reflectivity levels indicated.
Prue North is toward the top of the page. The radar beam is
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centered at the level of penetration;

(b) The path of the alrcraft through the cloud as indicated
by the IFF;

(c) A time history of derived gust velocities for the most
intense portions of the flight. A negative value means a down-
ward gust and a positive value an upward gust;

(d) A time history of the area enclosed by various reflec-
tivity levels. It 1s assumed that a growth 1n area reflects an
Increasing storm intensity and that a decreasing area size sug-
gests a decreasing storm activity;

(e) A frequency distribution of the derived gust velocitles

for the complete run.

Figure 7 1s the depiction of the first run on May 23. The
synoptic situation was dominated at 0600 CST by a deep low pres-
sure center in the vicinity of St. Cloud, Minnesota. From this
low pressure center a cold front curved eastward into Wisconsin,
thence southward into Illinols and then southwestward through
central Missourli to a point Just north of Fort Smith, Arkansas.
From this point to north of ' McAlester, Oklahoma, south of
Oklahoma City to Wichita Falls, Texas, the front was gradually
losing its forward speed and by 1200 CGST it had become stationary
through the Oklahoma reglon. Surface dewpolnts which had been
in the low 60°F. at 0600 CST were now 67°F. - 69°F. The front
remained quasi-stationary the rest of the day in Oklahoma, with
"the dewpoints reaching TO°F. and temperatures near 90°F. by 1800
CST. The 0600 CST 850 mb. chart indicated a tongue of high
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molsture content extending from Del Rio. Texas; to west of For

<t

Worth to the vicihity of Fort Smith, Arkansas. By 1800 CST the
molst tongue had shifted nearer to Oklahoma City, Oklahoma,

before curving northeastward.

Near the intersectlon of thils moist tongue and the surface
quasl-stationary front a number of cumulus clouds formed, some of
which developed into moderate thunderstorms. The Jjet stream was
over the area and was centered near an altitude of 41,000 ft.

Winds 1n the Jet stream were from 250 - 270 degrees at 100 knots.

The storm cell penetrated was originally 154 degrees and
50 n. mi, from Oklahoma City. Durling the course of the pene-
trations the cell moved north-northeastward along the quasi:
stationary front until at the end of the penetrations the cell
was almost due east of Oklahoma City at about 40 mlles. The top
of the cloud was measured by the T=33 as 40,500 ft. m.s.l., at
1647 CST. Run #1 made by the T-33 at a pressure éltitude near
15,000 ft. m.s.l. was from west to east. e so~called hard core
of this storm was just beginning to grow and covered a very small
area (fig. 7c) and the reflectlvity had a relatively low value,
The penetration was characterized by a sharp downdraft just after
entering the cloud, then light to moderate turbulence, with the
moderate turbulence (Ude ~ 20 £t. sec.™  or more) belng shown
mainly by negative derived gust velocities (fig. Tb and d).
Precilpitatlion was classlifled as heavy by the pilot. In figure Ta
the area enclosed by Z2 appears to be the 1limit of the cloud at
the penetration altlitude, the Z1 area 1s malnly the cloud overhang



15
reported by the pllot as belng Just above him. The Ude time
hlstory 1s only an excerpt from the total run and 1s used in this
to show the most lmportant portion of the flight. The same con=-
vention 1s followed in succeedling figures. In general, the
portions of flight preceding and following the shown section are

characterized by light turbulence.

Run #2 was also at 15,000 ft. Jjust under the overhang. This
was an east to west pass and cut very near the center of the cell
which showed a reflectivity (Z) value of 9.3 x 103 mm,6 m. =3,
Thls run was made when both the 23 and 24 areas were at a momen-
tary maximum (fig. 80). As can be seen by comparing the frequen-
cy distribution for runs #l and #2 the turbulence experilenced was
greater for run #2. The pilot's comments during run #l were for
light to moderate turbulence and for run #2, moderate to heavy

turbulence with "heavy" precipitation.

Run #3 (flg. 9) represents an altitude change to 23,000 ft.
and occurred when the filrst cell was decreasing in intensity
(fig. 9e¢). Light to moderate turbulence was agaln experienced
with a frequency distribution more nearly equal to run #1. It
should be noted that the turbulence experlenced was at least as
great as in run #l even though the altitude was increased, the Z3
‘had decreased and the.path of the alrcraft was at least 2 mlles

gsoutheast of the core.

Run # (fig. 10), made at the same altitude as run #3, occurs

as the area enclosed by Z3 1s Increasing agaln, and we can assume
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he storm 1s increasing. The aircraft this time comes closer to
the hard core although still skirting the southeastern edge by a
few miles. The contour for Zy at 1612 CST was not avallable but
one can see in flg. 10a the reactivation of the thunderstorm cell.
The time history of Ude’ the frequency distribution and the pllot's
comments are all in agreement that this was the most turbulent one
so far. It is Interesting to note in the time history the group-
ing of the U, values of 20 ft. sec.” or more at 0.5 miles, 1.5
miles, and Just before 2.5 n. mi, Insufficiently accurate time
synchronization prohibits a positive placement of these aregs but
as near as can be ascertalined the turbulent maximum near 2.5 n. mi.
on the U&e time history occurs as the alrcraft passes close to the
small Z3 cell in the northeastern sectlon; the one at 1.5 n. mi.
occurs as the alrcraft passes 1.5 miles east of the main core; and
the one at 0.5 n. ml. 1s associated with the other small Z3 core

areas Just a half mile southeast of the track.

Run #5 (fig. 11) was made at an altitude of 29,000 ft. m.s.l.
and at a time when the Zy as well as Z, reflectivity limlts were
not reached - at a time when the storm could be said to be "rest-
ing". The radar area shown 1s actually larger than the cloud
where the pilot penetrated because a portion of the lower cloud
intercepts the beam. Turbulence at this altitude and wilth reflec-
tivity values below 2.3 x 10 still reached U; values of 20 ft.

sec.-l or more several times - sufflclient for the pllot to occa~

sionally classify the turbulence as "moderate”.
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Run #6 at 29,000 ft. m.s.l. (flg. 12) coincided with an in-
crease ln storm activlity. Ibt should be pointed out that 1t is
very apparent that a single storm system does undergo a pulsation
in intensity with the time intervals varying from 5 to 10 minutes
and that thils pulsatlon does correlate wlth the varying degrees of
turbulence at the same altltude which may be experienced by air-
craft separated by a corresponding time interval. When comparing
the U, time histories for runs #5 and #6 and the Uqe frequency
distributlions, the definite Increase 1n the occurrence of greater
turbulence 18 readily evident. If we compare run #6 which passes
0.5 miles east of the Zy level at 29,000 ft. and run #1 in which
the alrcraft penetrated or approached very close to the Zu level
at 15,000 ft. we find the derived gust velocltles larger although
still holding very nearly a CGaussian distributlon with a mean of
zero, This tends to substantiate the hypotheses stated in the
Thunderstorm Project [2] that the gust velocltles can be expected
to increase with helght at least to within 5,000 ft, of the fop
of the visible cloud.

Figure 13 1is of run #7. Thae alrcraft hes descended 9,000 ft.
to a pressure altitude of 20,000 ft. m.sg.l. The aircraft path
cuts the center of the Z3 reflectivity area Just at the time the
area 1s momentarily decreasing. Most of the turbulence experi-
enced 1s below Uy, = 20 ft. sec. ™t with a few "strong bumps" as
can be seen in the Uﬁe time history section. The pllot experi-
enced a little hall but very little precipitation.
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Unfortunately, data for the succeeding three passes which
occurred as the storm was again bullding rapidly are not avallable
due to the records Jamming. It wlll have to suffice to say that
the pilot's comments indicated the turbulence increased and hail
did extensive damage to the aircraft. The pilot's summary of the
penetrations for thils day stated that the flights followed a
general pattern of a sharp "jolt" upon cloud entry, then rather
light turbulence until approaching the vicinity of the core of
the storm at which time the turbulence showed a marked increase.
This storm, as evidenced by the relatively low reflectivity values
can at most be classifled as moderate. Whlle altitude changes
occurred during the penetrations, the maximum experieﬁced was on
run #9 in which the aircraft gained 2000 ft. even though the
pilot held at 10° to 15° nose-down attitude.

The next day, May 24, the quasi-stationary front which had
existed through southeastern Oklahoma on the 23rd moved by 1200
CST‘north of the Kansas=-Oklahoma border leaving the area south of
it covered by hot, humld ailr with surface dewpoints around 65 °F.
The surface temperatures were near 90°F. over a large area and
surface winds were southerly 10 to 15 knots.r There was a weak

"dry line" west of Gage, Oklahoma, to west of Childress, Texas.

At 0600 CST, 850 mb. a dewpoint temperature ridge of 13°C.
extended from Del Rio, Texas to Altuq, Oklahoma, then to a point
Just west of Oklahoma City. Winds at this level were south 1in
the southern portion, shifting to southwest in the northern
portion at 20 xmots. By 1800 CST or about 1-l/2 hours after
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the penetratlons were made, the ridge had shifted slowly eastward

and was centered on a llne from Laredo, Texas, to Just west of
Fort Worth, Texas, to west of Oklahoma City. The winds were
southerly but had increased to 3C knots. A temperature ridge at
850 mb. extended north-south through the Texas and Oklahoma
Panhandle region.

The upper Jjet stream still persisted from El1 Paso, Texas, to
Altus, Oklahoma, to Little Rock, Arkansas, but had decreased from
100 knots on the 23rd to near 80 knots. Under these conditions
a few cells developed in the early afternoon, 255° and 125 n. mi.
from Oklahoma City. These cells formed a short squall line later
in the afternoon, wlth a strohg meso-low development. The air-
craft penetrations were made between 1545 and 1630 CST prior to
the development of tornadoes and baseball-size hall condltlons

reported in the Hobart-Altus-Fort Sill area after 1758 CST.

Figures 14 - 16 show the 2nd, 3rd, and 4th penetrations.
Run #1 1s not shown becsuse complete radar data were not avall-
able. Note that the mlleage scale for the echo size 1s consider-
ably different than that used for the May 23 data. Thls 1s due
to the fact that the storm system covered a much larger area on
the 24th making i1t impractical to use the same mlleage scale.

The mlleage scales on the U time histories are based on the

de
average true alrspeed for each traverse as was done for the 23rd.
Since the distance involved in the Ude time historles 1s also

greater than that on the 23rd the distance scale 1s more compact,

which does result, unfortunately, in an appearance of shorter time
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variations in the derived gust velocltles. This 1s in part true
as the turbulence experlenced on the 24th was more pronounced
than on the 23rd. The cloud being penetrated had a top between
53,000 and 55,000 ft. m.s.l. Oor an average of 14,000 ft. higher
than the cloud on the 23rd. The radar reflectivity values out-

lined are also on order of magnitude greater than on the 23rd.

Run #l1, which 1s not shown, experienced very little moderate
turbulence, mostly very light, wlith precipitation ranging from
light to moderate. Static was experienced on all flights this
day and at times air-to;ground contact had to be carried on by

use of a relay alrcraft.

Run #2 (fig. 14) began at 25,000 f£t. and grazed the north-
i

eastern edge of the Zj = 1.5 x 10 mm.é/m.3 contour. The area
enclosed by thils contour shows relatively little change during
the penetration. Moderate turbulence was experienced by the
pilot almost immedlately upon entry or. the northwest side of the
cell with one derived gust veloclty of :38 ft. sec."l (severe
turbulence) occurring over the decreasing cell to the northwest
of the mailn core. Derived gust velocltles greater than 20 ft.

sec. %

are found almost to the vicinity of the hard core = pre=-
cipitation was light to moderate. Just before reaching the area

delineated by Z., the pllot began to enter a strong updraft. Rain

3
increased in intensity but the turbulence decreased. In fact,

the pilot's comment was "Turbulence has been quite smooth through-
out this strong precipitation area." This is one illustration

where relatively high radar reflectivity values, while no doubt
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indicating large liquld water concentrations, does not in itself
indicate the degree of turbulence. What 1s of at least equal
Importance 1s whether a steady-state condition has been reached,
in which case the turbulence apparently 1s light. This willl be

illustrated in another case later.

Run #3 (fig. 15) was made 15 minutes later and 5,000 ft.
higher in altitude (30,000 ft.), At this time the Z3 contour
encloses a slightly larger area than for run #2 and two very small
cores having a radar reflectivity value of at least 5.8 x 104
mm.6/m.3 begin to appear. This run,hcwever, skilrts more than 4
mliles north of the center and sc cannot be a true measure of the
intensity closer in. The frequency distribution (fig. 15d) does
show a broader spectrum of turbulence even though most of it is
in the light category. Here, as in run #2, the derived gust veloc-

itles exceed 20 ft. sec.-l only in the negative values even though

strqng updrafts were encountered.

Run #4 most nearly approaches a penetration of the core of
the thunderstorm. The areas enciosed by the Z; and Z, (figs. 16a
and c) are already showing a rather rapid decrease in size. The
pilot began to experlence moderate turbulerce 50 sec, after entry.
As the pillot passed through the center of the cell severe turbu-~
lence was recorded, mixed with areas of light to moderate turbu-
lence. This flight, as shown by the frequency distributlon of
the derived gust velocity (fig. 164), was the most turbulent of
the day. Of interest, not shown in the figure but derived from

the pllot's comments, 1s that while sometimes the severe



turbulence occurred along with heavy precipitation, at other times
the precipitation was only light. The reverse was also true, that
1s, that some heavy preclpltation areas produced severe turbulence
whlle other areas of heavy precipitation ylelded a smooth flight.

Strong updrafts and large hall were encountered during this trav-

erse, bearing out that the nearer one approaches a changlng re-

N

flectivity value of 107 to 10° mm.6/m.3 the more probable

damaging hail wlll be encountered.

The abové cases indicate the varlability found within thunder-
storms. As a composite, flgure 17 shows the frequency distribution'
of 5451 derived gust velocities computed for the T-33 .flights made
on May 20, 23, 24, 31 and June 5, 1962. These flights covered
over 360 n., mi., of ir-thunderstorm cloud runs. The distribution

1

is Gaussian with a computed mean of =0.39 ft. sec. -~ and a

standard deviation of 8.10 ft. sec.” . That a definite difference
does exist between runs can be seen by comparing figuresl8a and
18b. Run #4 of the 24th of May has a mean of =1.3 ft. sec. -

and a standard deviation of 10.5 f£t. sec.”—. Run #1 of June 5

is definitely a much smoother filght with a mean also of -1,3 ft.
sec.-l but a standard deviation of only 5.6 ft. sec.'l. Of great
sigﬁificance is the fact that the negatlve values predominate

such that even though the alrcraft may experlence an increase in
pressure altitude due to the larger drafts, the greatest or more
frequent turbulence is negative or downward. Figure 19 is a graph
showing the number of times values of derived gust velocities may

be expected per 10 n. mi. of thunderstorm flying. A unit of
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10 n. ml. was chosen as this 1s close to the diameter of the aver-

age-sized thunderstorm. Since the 1962 flights penetrated clouds
which 1n nearly all cases ylelded lower radar reflectivity values
than the clouds penetrated in 1960 or 1961 the figures glven above

must be considered very conservative.

This is illustrated in the case of May 5, 1961 shown in
figures 20 and 21 from a paper by Schumacher [11]. The turbulence
in this storm was called severe by the pllot and Ude values ex-
ceeded 35 ft. sec.—l. This storm was located on an axis of mois-
fure running from Texas into central Oklahoma. The cloud was
about 100 n, mi. southwest of Oklahoma City and had started as a
single cell, grew, then began dilssipating whille a new cell grew
at the southwest end. Thlis new cell was the one penetrated.
Selected radar echo contours for the storm are shown in figures
20a and b. The contour sequence for figure 20a was started at
1227:30 and completed at 1228:30 CST. The aircraft was near the
center of the cloud at 1233 CST or 4.5 min. after figure 20a was
completed. Figure 20b 1s the contour cyqling sequence beglinning
at 1236 and ending at 1238 CST (2 minutes being required for an
8-step cycle, however, only selected contours are shown). Thus,
the penetration occurred 3 minutes prior to the start of figure
20b. The innermost intensity reflectivity factor (Z), range
normalized, increased from 6 x 103 mm.3/m.3 to 10° mm.q/m.3. The
increase 1n gradient between contours also attests to the increas-~
ing intensity, and from this it 1s Judged that the center of the.
core probably had a reflectivity factor of near 106 mm.6/m.3.
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The derived gust velocity distribution for this penetration 1is
shown in figure 21 as the number of gusts per nautical mile of
flight. Multiplyling the values on the vertical scale by 10 makes
it easier to compare this figure with figure 19 and it is imme-
dlately apparent severe turbulence was experienced four times as
often and moderate turbulence nearly ten times greater than the
average of the 1962 storms. That thls penetration was made at
40,000 ft. m.s.1l. with the cloud top near 45,000 ft. further
11llustrates a point prevliously stated that there is an indication
that turbulence lncreases with helght in a thunderstorm rapldly

changing in intensity.

Another case of interest is shown in figure 22. This penetra-~
tion on May 20, 1962, is of interest not only for the high free
water content recorded at 29,000 f£t. but also because the alrcraft
penetrated the center of the core at the time of the radar maximum
reflectivity of at least 1.93 x 104. Noticeable is that the areas
enclosed by 22, Z,, and Zu show little change. Thus, though the
pilot reports '"hitting a wall of water" during this penetration,

only light turbulence was experienced.

As far as can be ascertained from the 1962 data, no correla=
tion can be found between turbulence and radar reflectivity
gradients ; part of this fallure may be due to inadequate time
synchronizations and to the limltatlions of the radar to delineate
the reflectivity proflle in sufficient detall due to beam width.
This point needs further investlgatlon.
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Table 2 18 a tabulation of the area of maximum turbulence
for each penetration as determined from the time histories. The
western half of the maln storm in 90 per ceht of the cases con-
tained the area of maximum turbulence. This 1s similar to data

collected in 1960 but as yet not published.

Table 3 1s a tabulatlon of the distance between the western
edge of the visible cloud and the place at which the derived gust
velocity equaled or exceeded 20 ft. sec-1l, Figure 23 shows the
most rapld change in derived gust velocities with time. The most
raplid change occurred during the first penetratlion on May 20.

The rate of change in the derived gust velocity was 142 ft. per
3 .

sec.” or in this partlicular case of going from a -0.5 g to a

+0.73 g in 0.2 sec. which is equivalent to a change of 6.15 g

rer sec. The greatest time interval between large U values

de
which could be consldered significant occurred during run #3 on

1

the 5th of June when a change from a U to a

d
Uge = -38 ft. sec.”t occurred in 1.6 sec. or a rate of change in

derived gust velocities of 41 ft. per sec.3. These rapld changes

e = +28 ft. sec.

are no doubt partly responsible for the pllot sometimes giving
turbulence estimations one classlhigher than recorded by instru-
ments. Figures 24 and 25 [12] illustrate the difference in the
degrée of turbulence experienced during thunderstorm penetrations
madé in different geographical areas of the Unlted States. Prdj;
ect H1 Cu was conducted in Arizona while NSSP Rough Rilider opera-~
tions were 1n Oklahoma. Reflectivlity values for the clouds

penetrated are not avallable, and therefore no definite statement
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Table 2. Section of T-33 flight path exhibiting the relative maximum and
minimum recorded turbulence per penetration.

~DATE RUN MAXTMUM_TURBULENCE %ﬁf——
May 20 1 Southwest Northeast 1
2 Southwest Northeast 2
May 23° 1 West East 3
2 West East 4
3 Center Southwest 5
4 West East 6
5 West East 7
6 Center East 8
7 Center East 9
May 24 1 West East 10
2 West East 11
3 West East 12
4 MDT SVR TURBC ENTIRE FLIGHT 13
May 31 1 North-northwest South-southeast 14
2 North-northwest South-southeast 15
June 5 1 West East 16
2 Center East 17
3 West East 18
5 West East 19
6 West East 20
7 West East 21

8 Center Ends 22
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Table 3. Distance from western edge of visible cloud to first recorded value
of moderate turbulence (Uj, equal to or exceeding 20 ft. sec™!) for
1962 T-33 penetrations.

Distance (n. mi.)

Date Run Altitude from west edge of
Number (ft. MSL) cloud to Ugye value
20 ft./sec. or more
May 20 1 27,000 1.93
2 28,000 2.19
May 23 1 17,000 3.15
2 15,000 .32
3 28,000 3.54
4 23,000 .93
5 29,000 5.80
6 30,000 4.09
7 22,000 3.05
May 24 1 25,000 1.86
2 25,000 3.43
3 30,000 7.62
4 31,000 4.93
May 31 1 29,000 2.40
2 29,000 1.40
June 5 1 30,000 5.00
2 30,000 6.55
3 30,000 3.80
5 29,000 2.18
6 27,000 5.01
7 27,000 1.40
8 27,000 1.96
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can be made as to the reason for occurrence of larger derived

gust velocities and higher normal acceleration in the Oklahoma
area. However, synoptic data indlcate that dynamic and thermo-
dynamic features were stronger in the Oklahoma area and in all

probablility were a more deciding factor than geographical features.
5. DRAFTS

While in a study on turbulence, the size and magnitude of
drafts are not as important as other factors in pilot and passen-
ger reactions this may not be true in ailr traffic control where
the altitude displacement which can occur can be of extreme im-
portance. Table 4 lists some of the more significant altitude
changes as reported by the pilot and experienced by the penetra-
tion aircraft. The fact that a gain in altitude (updraft) was
most often encountered can possibly be explained by the fact that
the penetrations were normally made above 20,000 ft. m.s.l. Verti-
cal (true) gust velocities of 208 ft. sec."1 [9] have been

encountered.
6. SUMMARY

The flights made by NSSP Rough Rider operations in 1960-1962
have ylelded many pleces of information. However, since the
analyses of all the data are not either avallable or completed,
some of the following statements must'be considered provisional.
Turbulence and turbulence measurements and radar correlations are
difficult. With this in mind the following points are made:

1. Thunderatorm turbulence compared to radar echo intensity
does not bear a direct correlation. There appears to be a
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Table 4. Significant involuntary altitude changes experienced during NSSP
thunderstorm penetrations 1960-1962.
PENETRATION ALTITUDE
DATE RUN AIRCRAFT ALTITUDE CHANGE REMARKS
May 8, 1962 3 F-100 31,000 ft. +1500 ft.
May 20, 1962 1 T-33 27,000 ft. +1800 ft.
4 T-33 22,000 ft. +1900 ft.
5 T-33 22,000 ft. +2200 ft.
May 23,1962 S T-33 20,000 ft. +1350 ft.
9 T-33 20,000 ft. +2000 ft. 10-15° nose down
attitude.
May 24, 1962 4 F-100 30,000 ft. +1800 ft.
May 5,1962 7 T-33 27,000 ft. +2900 ft. gower back and nose
April 24, 1961 1 F-106 35,000 ft.  +1600 ft. own-
May 5, 1961 1 F-106 40,000 ft. +3500 ft.
May 21, 1961 2 F-106 25,000 ft. +2000 ft.
June 2,1961 3 F-106 15,000 ft. +5000 ft. Enc ntered evere
turbul ence a
Nose of 1rcra t in
a pitched down
attitude.
June 3, 1961 1 F-106 30,000 ft. +2500 ft.
May 4, 1960 1 F-102 40,000 ft. ~3000 ft.
1l T-33 40,000 ft. -3000 ft.minT! about 6°
May 17, 1960 4 F-106 40,000 ft.  +2000 ft. nose-up pitch.
2 F-102 40,000 ft. -8000 ft.
, - , ft. - ft. A 1
May 19, 1960 S F-106 40,000 5000 zgggafgte or?srsuns 1-4.
May 24, 1960 3 T-33 40,000 ft. +2000 ft.
May 24, 1960 4 T-33 40,000 ft. ~3000 ft.
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critical radar reflectivity value of 103 mm.6/m.3 when derived
gust veloclties can exceed 20 ft. sec.™%, When the radar reflec-
tivity exceeds 105 mm.6/'m.3 severe to extreme turbulence can be
expected. In some cases, however, and this 1s important, if a
steady state has been reached the turbulence experienced tends to
be in the 1light category. On the other hand, if there 1s a rapid
Increase or decrease in the core at reflectlvity values above
103 mm.?/m.3 moderate to severe turbulence is encountered. These
fluctuations or pulsations in thunderstorm intensity may have a
period of less than 12 minutes. Therefore, in attempting to pre-~
dict for control purposes the turbulence which might be encoun-
tered by an alrcraft flylng through a thunderstorm area the
critical reflectivity intensity and the rate at which the area
enclosed by this intensity i1s changing must be recognized.

2., There does not appear to be a direct correlation between
gradlients of successlive radar reflectivity values per se and
turbulence.

3. The preponderance of evidence indicates that the center
and western portions of thunderstorm complexes as seen at a zero
attenuation level (i.e., lowest Z value) contain the most severe
turbulence. A new cell growing in the eastern portion of the
thunderstorm complex can produce severe turbulence but the number
of cases of thls type so far encountered is less than 10%. Data
are insufficient to assess the hypotheses that the turbulence in
the southwest quadrant is more severe than the northwest quadrant
of the storm., It 1s to be stressed that what has been sald of the

occurrence of turbulence does not apply to the occurrence of hail,



data for which 1s not now currently available.

4, Pilots can expect to encounter moderate turbulence 3.3
n. ml., on the average after entering the western edge of the
visible cloud portion of a thunderstorm. Thus for an alrcraft
flying at a true alrspeed of 400 knots the pllot could expect
to encounter a derived gust velocity of 20 ft. sec.”l or greater
within 30 sec. after entering the visible portion of the cloud
if his path 1s toward the center of the system.

5. Vertlcal accelerations tended to be blased toward negative
values,

6. Rapid changes in vertical accelerations from Ude values

1 1

of =11.8 ft. sec. — to +17.8 ft. sec.”~ in 0,2 sec, of T-33

flight time or approximately 120 ft. have been experienced. A

1 to +46.8 rt. sec.™

change from U, values of -34.4 ft, sec.
in 0.7 sec, was recorded and connot be considered unusual.

T. Altltude variations of as much as 5,000 ft. can occur
even with the nose of the aircraft pitched down during a traverse
of a thunderstorm cell. These changes have occurred at altitude
above 15,000 ft. up to and including 40,000 ft.

8. Vertical true gust velocitiles of +208 ft. sec.™  and
-124 ft. sec., have been experienced.

9. If the pilot is not prepared for the turbulence the roll
and pltch rates may be sufficlent for him to lose control of the
alrcraft. An example of what has been encountered 1s 1llustrated
by run #3 on May 19, 1960 when the F;102 flying at 35,000 ft.
experlienced an extreme roll rate that carried the alrcraft to a

45° bank with full alleron against it.
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Figure 14.- Run #2 on May 24, 1962 made by the T-33.
parameters as indicated for figure 7.

Sections A, B, C,

and D are for the same
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The mean and the standard deviation values are tabulated.
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Figure 19.- Average number of times derived gust velocities equaled or exceeded per 10 n. mi. of
flight in thunderstorms during 1962.
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Figure 20.~ (A) Reflectivity contours of storm May §, 1961 complex prior to penetration.
(B) Reflectivity contours of storm complex after penetration. (C) Path of aircraft through
storm and storm movement, Solid echo contours correspond to those in (A) dashed echo contours
to (B) thereby showing movement of storm between periods of contouring sequences. .
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Figure 21.~ Cumuletive frequency distribution of derived gust velocity for three penetration
'flight'l' in 1961, May § can be catalogued as an example of a characteristic distribution of
theavy" turbulence; June 2 moderate turbulence, and May 21 light turbulence (after Schumacher [15]);
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Figure 22.~ Time history of areas included within specific radar reflectivity values for Msy 20, 1962.
Crosshatched @ rea indicates approximate time of sircraft penetration.
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Figure 24.~ Mean probabilities of equaling or exceeding & given absolute value of derived gust velocity
from data collected in Projects Hi Cu and Rough Rider 1960 (after Roys [12]).
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Rbugh Rider 1960 (after Roys [12]).
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ON VECTORING AIRCRAFT THROUGH THUNDERSTORMS

1. INTRODUCTION

The National Severe Storms Project {NSSP) has been in-
volved in successfully vectoring military aircraft through
thunderstorms within a radius of 150 n. mi. of Oklahoma City,
Oklahoma, from 1960 through 1963. Most of these penetrations
have been at altltudes in excess of 25,000 ft. Our experilences
and equipment Ilmprovements during these years are revlewed and

recommendations derived from these experlences stated.

Alrcraft used in the project were furnished by tﬁe Air
Force, Aeronautical Systems Divislon, Wright-Patterson AFB, Ohio
(ASD). That organization also supplied pilot and maintenance
crews. The National Aeronautics and Space Administration (NASA)
instrumented one aircraft in each of the two years, 1960 and 1961.
Instrumentation of other alrcraft, and of all ailrcraft used in
1962 and 1963, was the responsibility of ASD. Data reduction
was, or 1is belng, performed by these two agencies during all

four years and by Douglas Aircraft Co. in 1961.

During 1960 the Air Force furnished a T-33 to NASA for
turbulence measuring instrumentation. The Alr Force also par-
ticipated in the project with an F-102 and F-106. These latter
two aircraft had nonmeteorological objectives. In 1961 the Air
Force furnished NASA with an F-106 for turbulence instrumenta-

tion, and also provided a T-33 as a lead aircraft, and a B-66



2
instrumented by Douglas Aircraft Co. for turbulence measurements.
In 1962 the Aeronautical Systems Division supplied and instru-
mented an F-100 and a T-33, By this time emphasis on the col-
lection of data was changing to include other parameters than
turbulence. Such parameters as drop-size photography, equlivalent
liquid water content, infra-red measurement of the temperature of
water drops and electric fileld, as well as turbulence, were in-
cluded. 1963 was a repeat of 1962 with some improvements in

instrumentation, but only the F-100 was instrumented.

The Federal Aviation Agency assigned a controller to the
project since 1ts beginning. All ailrcraft were ground-based-
radar controlled. During 1960 an FPS-10 radar was uséd for
control with additional information fed to the controller from a
Weather Bureau's WSR-57. Beginning in 1961 control of the air-
craft was from the WSR-57 site. During 1961 and 1962 control of
penetration aircraft was from Oklahoma City, but in 1963 NSSP
had 1ts own WSR-57 and an MPS-4 height finder at Norman, Oklahoma.

Since 1961 an MPX-7 radar was used to follow the aircraft.

Air-to-ground and ground-to-alr communications were tape or
wire recorded. Crews were debriefed at the concluslion of each

mission.

2. VECTORING OF PENETRATION AIRCRAFT

A. 1960

During 1960, our first year of data collection, control

of aircraft was from a site remote from the Weather Bureau's



WSR-57, using an FPS-10, Coordination was attempted by a "hot
line" telephone from the controller to the WSR-57. It was felt
necessary to use the WSR-57 because 1t had a great deal more
flexlbility, through echo attenuation capabllity, as well as an-
tenna elevation control, This permitted an evaluation of storm
intensity and stage of growth. Ailircraft flight paths could thus
be planned to sample various levels of storm Intensitles and gra-
dients of intensities. However, slnce there was no flight fol-
lowing capability, other than skin paint of the aircraft, this
method was considered unsatisfactory for comparing turbulence

‘against radar return signals.

B. 1961

Prior to the beginning of the severe storm season of 1961
the Weather Bureau's WSR-57 at Oklahoma City was flight tested by
FAA. During this season the controller was located at the site
of the WSR-57 using an OA-175 scope. In addition to weather; an
MPX-7 beacon-transmitter-receiver for alrcraft following and a
GPA-30 video mapper providing display of high altitude airways
were added to the controller's scope. The weather display on the
cantroller's scope was the same as on the main console of the WSR-
57. On the control scope there was then displayed,

1, Weather from the WSR-57 radar,

2. Alrcraft having transponders,'

3. Aircraft without transponders but within the beam of

the WSR-57, and
4, The high altitude alrways from east of Tulsa, Oklahoma
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to Amarillo, Texas, and from Wichita, Kansas, to Dallas.
Texas.
-Attenuation of the echoes on the controller's scope was accom-
plished by weather personnel from the main console. Only the
single linear recelver of the !57 was used, Automatic step at-
tenuation of echoes was added but left at a constant setting

during penetrations (figs. 2 and 20 of Unit I).

C. 1962
Basic equipment for 1962 was the same as for 1961 but scope

photography was considerably 1lmproved. Also two llnear recelvers
were used on the WSR-57 so that the controller could use one in-
dependent of the main console scope. Also the contréller was
supplied with attenuation controls independent of the main con-
sole. This enabled the main console to be programmed for step
attenuation during penetrations, thereby making possible a bet~
ter evaluation of the directed flight path of the aircraft

(fig. 1). This was a decided improvement over 1961. The only
control common to both the main console scope and the control-
ler's scope was the antenna elevation which was held constant
during the penetration with the center of the beam programmed to

the elevation of the penetration.

D. 1963

By 1963 NSSP had obtained a WSR-57 for its use and located
1t at Research Park of the University of Oklahoma at Norman. A
height finder (MPS-U4) was also added. Other equipment remained

the same and the control of aircraft was then from Norman
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instead of QCklahoma City. However, only one linear recelver was
availlable and procedures were similar to 1961. More Improvements
in photography were made and, with this addltional experience,
step attenuations of the radar signal were more or less routine
before and aftef each penetration and in between each run of the

penetration (fig. 2).

A nonintegrating experimental contour circuilt was built by
Weather Bureau technicilans and used on the logarithmic receiver
of the WSR-57 during penetrations. Since it was experimental,
it was not used for control purposes. It was used by the respon-
sible meteorologist on a separate scope close to the height
finder. This contouring circuit holds much promise ahd will be
further improved. It permlits the entire cloud at any particular

elevation to be completely analyzed at each sweep of the antenna

(fig. 3).
3. SUMMARY

The Weather Bureau embarked on this program with a great
deal of confidence but little experience in actual control of
penetration aircraft. The confidence was due to the known cap-~
abllity of the WSR-57 radar. The cooperative nature of the
project provided the experts in the alrcraft and control fields.
The project was ocne of starting simply and improving each year.
It shouid be clearly understood that in this project, with the
possible exception of 1960, penetration aircraft could be fairly

accurately vectored into any preselected portion of the



thunderstorm. The direction and particular path of each run on
a penetration déyweregenerally determined by the meteorologist
and ASD's representative. These declsions could always be al-
tered by the controller. However, even such alterations, when-
ever possible, were 1n consultation with the meteorologist. The
team handling penetrations always consisted of a meteorologist,

a representative of ASD and the controller.

Damage to aircraft due to turbulence, water erosion and/or
hail did occur but never caused complete dilsabling of the ailrcraft
or more than a few days down time for repairs. There were several
Instances when aircraft instrumentation was damaged to the extent
where a lead alrcraft was required to bring back to base the dam-

aged plane.
4, CONCLUSIONS

In arriving at any conclusions concerning the vectoring of
aircraft through thunderstorms 1t should be emphasized that ex-
periences to date 1lnvolved only Jet trainer or fighter-type
aircraft. However, wlth these experlences and the fortunate cir-
cumstance of having availlable an excellent basic radar for cor-
relating turbulence and echo return, it is not too diffilcult to

extend thils knowledge to other types of ailrcraft.

From our four seasons of turbulence data gathering in thun- .
derstorms, '

1) It is not at all unreasonble to assume that severe
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turbulence (Ude = 35-50 fps) can be encountered at some point in
any storm,

2) In a growing thunderstorm or a large thunderstorm at the
mature stage, extreme turbulence (Uy, > 50 fps) should be ex-
pected to be present in scme part of the storm.

3) It is not uncommon to encounter turbulence in the clear
alr near a thunderstorm or a line squall. Both positive and
negatlve accelerations have been encountered.

) Hall of some size 1s present in practically all thunder-
storms.

5) Current-day alrkorne radar is not adequate for penetra-
tion of storms.

6) There 1s a danger in over-flying growing thunderstorms.
It would not be uncommon to find the rate of vertical growth ex-
ceeding 5,000 ft. a minute.

7) Ignoring the question of passenger comfort, it should not
be considered a normal operation for commercial type aircraft tc
fly through a thunderstorm.

8) In the event an emergency requires a commercial or execu-
tive type alrcraft to fly through a thunderstorm, and that such
flight cannot be accompllished at low elevations, it should be
made only with the assistance of ground based radar. Such radar
should have the following minimum capability.

a. Antenna tilt to the elevation of penetration, and

b. Step attenuation to determine storm intensity and to

vector the alircraft through the edge of the stomm,
preferably outside the 12-db., level.
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It 1s emphasized that penetratlions of storms should not be

made except in an emergency.

A final generalized comment may be of some value, Given a
particular thunderstorm and the mean wind of the environment in
which the storm 1s imbedded, maximum turbulence and the least
chance for hall are to be expected on the upwind side of the cen-
ter of the storm. The center of the storm 1s to be radar deter-
mined since the storms are generally asymmetrical. Minimum tur-
bulence and the maiimum chance of hall occur on the downwind side
of the center of the storm. The chance of hail increases to the

right of center on the downwind side.

Turbulence and hall are not the only elements of condern in
thunderstorm flylng. For the current and future supersonic air- .
craft, water erosion and water impact pressure may be of serious

concern.
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Figure 1.~ (&) Aircraft (F-106) beginning penetration of a thunderstorm May 18, 1961. Note IFF pat.
tern jus ck of "skin paint" echo and note also the long cirrus ""blow off'" to the east of main
cell. (b) Penetration sircraft just eserging from northern portion of cell. (&) Penetration
aircraft now clear of thunderstorm. 20-mi. range msrkers shown.
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F-100 _—""

e

I2db.— 1703:30 CST 27db. 1704:00 CST

12db.  1704:45 CST

Pigure 2.~ Case of step attenuation being used during penetration May 20, 1962. ( z F-100 approaching
west side of storm; the T-33 is inside of cell showmn with 12 db. attenuation. (b) Step attenuation
of 27 db. shows centers of hard ¢ore. The T-33 has passed through the centers while the F.100 is
spproaching the hard core. (c¢) Attenuation returned to 12 db. The T-33 is out of cell and the
P=100 is just leaving southeast portion of echo.
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(a) 1620 CST (d) 1652 CST

(b) i632 CST (e) 1656 CST

(c) 1639 CST (f) 700 CST

Figure 3.~ Time series of echo growth patterns shown on: radar scope using WRL's log contour circuitry,
The spproximate db, attenustion levels are the same for all of the illustrations but are marked in
(s) only. S-) Hard core in southwestern portion of cell, 20-mi. range markers showmn; (b) herd core
has migrsted into northwestern portion of cell; (c) first hard core dissipating snd regeneration of
hard core in southern portion of sll; (d) second hard core migrates to northern portion of cell;
(¢) new hard core seen in southern portion of cell while one in northern portion still strong; (f)
northern hard core dissipstes and southern one begins to move northward in cell. The two repetitive
processes spen 8 time interval less then a total of 45 minutes.
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AERIAL PHOTO OF LOCATION OF PHOTOTHEODOLITES
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PHOTO OF PHOTOTHEODOLITE
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"VERTICAL VELOCITY AS EXPRESSED BY THE HORIZONTAL
EQUATION OF MOTION"

D. T. Williams



VERTICAL VELOCITY AS EXPRESSED DY
THE HORIZONTAL EQUATION OF MOTION

Daney T. Williams ?
National Severe Storms ProJject

U. 8. Weather Bureau
Kansas City, Missouri

Revised Copy, January 2U, 1962

| m;,o\

The horizontal equation of motlon 1s expanded and manip-
ulated to show vertical motion In terms of the features of
horizontal flow. These features are: the horizontal wind
field itself and its ageostrophicity, acceleration, diver-
gence, vorticity, deformation, and vertical shear. Certain
features of the flow can sometimes be used qualitatively to
determine the direction of vertical motion.
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2. THTRODUCTICH

Vertical veloecity can be expressed by the horizontal equa-~
tion of motion as a funetion of the horlzontal wind and certain
of its time and npace derivatives. Although such an expres-
‘sion 18 not suitable for actﬁal computation of vertical veloc-
ity, it does isolate certaln features of the horizontal flow
that contribute to vertical motion. Knowledge of these fea-
tures can provide a better understanding of the mechanics of
vertical motion, and occasionally, when a feature is outstand-
ing, some diugnoéie of the vertical motion can be made.

. It 1s the purpose of this paper to solve the horizontal
equation of motion for the vertical velocity and to point out
the manner in which the components of the derived equation con-
“tribute to 1t.

2. EYPANSION OF THE EQUATION OF HORIZONTAL MOTION
Tre vector equation for horizontal flow, neglecting friction,

csurvature, and change in ocorlolls parameter terms, is:

av
2= 0V, =V, ) xk (1)

where £ is the coriolis parameter, wa is the real wind, and

Vg 18 the geostrophic wind.

Equation (1) can also be written as:
Tl = E(v—v_)ix k

av. . .
ggd= flu—u)ixk

(2)



where u 18 component wlnd along the x-axis and v 18 the compo-
nent 'win‘d along the y-axis.

Expanding the total derivatives in equation (2) and ad-
ding the two equations ylelds:

('éi%i”*'a‘ﬁ' i)+ u(%l'l:t-k w»»,}) + V(“"-"1+ :;J) + W(%EJ'H 'g".)) =

CEun + vi) - (u i+ov 3)’_] % (3)

Solving for w, the vertical veloclty, ylelds:

T (au'+'3}.l) + V(g%i‘r'g“) (Ou°' %%j)
(5/1' é—'-])
e Eui- + Vi) - (u i+ nga.
('%‘L,Il"i g‘.}) (&)

It may be noted that the vertical veloclity 1s a functlon
of the followlngs
1. u and Vv, the x- and y- components of the horizontal wind.

2. -g—xgi and %—;’; » the x- and y- components of horizontal

dilafation and contraction.

3. g—‘li and %%j, the %~ and y~ coinponen’cs of horizontal shear.
4. %151 and 'ET J, the x- and y~ components of horlzontal

acceleratlion.

5. (ui+vyi)—-(ui +v_j) =xk, the X~ and y- components
g & of ageostrophicity.

s the corlolls parameter.

£
, au s av '3 B . ' .
7. =piand 55, the x- and y- components of vertlcal shear.

- P -



ple vc.l ind ‘J(‘(é;é - ak ') + v

J
ay
(4) can be expanded into the four kinematlc properties of

in the numerater of

bLI bv )

horizontal flow, as follows:

u(-g—;‘cli + -g%j) + v(%l—}i + %j) =

u@%i+ (\%—:—j~— J) A v-J UE-J + (u%yg—j ugyd) %i =
V(*\— + ’&)J + u — cu )j 4 (u§—i —_— v.EBj)_’. (u_%f_ + Vbul) -

vi o+ By ui@E - By xkr (ui - v -—(ux-vn«é? k. (5)

Alternately,

u -%;{-l-i-l- "55:'5)"’ ‘v( i+ -\——J) =

k_l + NV, L9V oV ovs Vv 3
uv); 11'<—-1)+V‘5‘J‘* v~5— +(v-5-—1-—v~\-)+1.1-<—.1=

w@2 e - v G- Bi v (B - B 4 (3 4 o) -

w (2 + T~ vi(§E - ) x % — (ui - vHFE — (ui— vi)EE x k. (6)
Adding the last members of equations (5) and (6) and

dividing by 2 yieldst

w@t+ i) + v@ir Tj) -

1/2 Eui+ v'_i)(a T{r') - (ui + v,))( ;) x k

..\ au - . V u "
s (ute V)@ - 80~ (- v @+ B x] (7)
The following relatlonships are deflneds
(Bu + -g-;—;) = Div_ V_, Horizontal velocity divergence. (8)
( ' ) xk = Rot_ V_, Vertical component of relative

vorticity. (9)

°“ -qi) = Def_V_, Horizontal stretching deformation, (10)

( + &) xk = Def'_ VvV, Vertical component of horizontal
X ?"j 2 2’ shearing deformation. . (11)

-3



Substituting in (7) ylelds:

u%g. )+v(au. SV)=

1/2 [V:?(Divz V2 — Rot_ V'a) + (ui - v_j)(Def2 v, - De‘.f."2 'Vzﬂ (12)

Values of Div v and Rot We are Independent of the-
orientation of X~ and y- aveas; but Def V and. Def' v are:
not. Now assume that vj = 0, l.e., the x- axis has-been

oriented along a streamline. Then:

(v, . OV oV
U('EJ—C-i + -.5}_&.:'3) + V(B—-l + == (7V) =

' - Y ef V — Daf?
1/2.v2(D1v2 V,—Rot_V_ + Def V — Def? Ve) (23)
Substituting for (13) in (4) yields:
v (Div_'V_ — Rot_ 'V -+ Daf_ 'V_— Deft V)
2 2 2 2.2 2 2 2 2

== 5 o,
2
oz
v, ,
ey =V ) xk (14)
« SV
dz

Equation (14) expresses w, the vertlcal veloclty in terms’
of various features of the horizontal flow. These feaftures ares.
1. v o the actual horizontal wind

2. Div v o? horizontal veloclty divergence.

(v

Rot v o vertical component of relative vorticilty.

4, Der Va, horizontal stretching deformation.

5 Def' V , vertical component of horizontal shearing
,deformation.

"_ -



8. £, corlolis parameter.

9. ave’ vertical shear of the horizontal wind.
dz '

3. _MAGNITUDE OF TERMS AND SIGN OF VERTICAL MOTION
The numerator terms in equation (14) are usually of the
same order of magnitude‘(around 10" *sec™ ') when synoptic,scale
data (upper alr data with observations taken ever 12 hoﬁrs)
are used. Certain terms may be negligibly small or unusually
large in individual cases, but it cannot be assumed routinely
that an& term will be sufficiently small to be neglgcted,‘or that
any term will be sufflclently large to be the only one neediﬁg
consideration. The difficulty in using the equation quantita~
tively arlses from the fact that the error in measuring some
of the terms may exceed the real algebraic sum of the terms,
1. e., the errors may be greater than the vertlcal motion itseif.
The sign, or direction, of vertical motion 1s determined
by the signs of the numerator and denominator of the right
member of ﬁhe equation. The following combinatlions are pos-
sible:

1. Numerator positive, denominator positive --- motion
downward.

2. Numerator negative, denominator positive --- motlon
upward.

3. Numerator positive, denomlnator negative -~-~ motion
upward.

L, Numerator negative, denominator negatlve --- motion
downward.

-5 -



L, VERTICAL SHEAR

Effect on Sign: Since ava/az 1s The only term in the denom-
inator of the equation, the sign of W will be determined by it,
when the numerator 1s held constant. For example with\the
‘numerator negative, w would be positive (upward) for BVZ/Bz:>c7
(neﬁ increase of u- and v- components with height). W would be
negative (downward) for 3V z/az £ 0O (net decrease in u- and v~
components with height). For a positive numerator the signs
of E,wbuld be reversed.

Effect on Magnliude: It may be noted that the magniltude. of

‘E.varies inversely as the magnitude of wvertlcal shear, when

) the numerator in (14) is held constant. Sméll values of vertical
shear occaslon large values of W and vice versa. The equation

. fails when avz/az = 0, since w would then be infinite (with
numerator ¥ 0) or indeterminate (wlth numerator = 0). This

sugpests that some vertlcal shear must always exist, and that

“when it appears neglligibly small, the data and/or the manner

in which the shear was computed might be questionable.

The Relatlon of Shear to Jet Struectures: Since & Jet, or
band ofnmakimum winds, 1s featured by a peak veloelty at soﬁe
level, positlve shear existe from the core of the Jet downward
‘and negative shear exists froﬁ the core of the jet upward. This
i3 true in low and inkermediate level jets, as well as in the
high level jet stream. With the numerator negative in equation
(14), this would imply upward motion below the jet and downwafd

“motlon above it. fThe reverse would be true for a positive nu-

merator.
- B -



Jet structures, lncluvding jet maxina, are important in the
forecasting of weather in viat the vertical motion fields as-
soclated wit) them may ranidly modify the environmental air
mass. Certain features of the Jet -- speed, vorticity, diver-
gence, ete. (numerator terms of equation 14) -- are used %to.
estimate its dynamic modification of the air mass. However,
unless vertical shear 1s also consldered, the effect of the jet
may be bhadly estimated. A jet maximum of modest speed, existing
through a conslderable depth, could occaslon rather strong ver-
tical velocltles, since the vertical shear through an apprecl-
able depth would be small. On the other hand, a strong jet,
Existing through a very shallow depth, could occasion only
small vertical veloclties, since the vertical shear would be'
great. - The sense of these facts is used in forecasting: An
unusuvally strong wind at the Jet stream level is glven more
credence 1f strong winds also exlst at other levels, e. T
200, 200, and/or 500 mb.

Vertical Motion near the Tropopause: Winds above the tro-

popause are generally aquite light compared with the Jjet speed
winds that may be present at or lmmedlately below the Ctropopause.
Vertical éhear in .the viecinity of the tropopause is thus qulte
great, and one would expect verﬁical veloecity in 1¢s viecinity

to be quite small.

Relation to Turbulence: Past thinking has been that CAT

- (elear-air turbulence) ig wmost pronounced in regions where the
vertical and horizontal shears of the norizontal wind are greatest.

- 7 o~



However, 1if 1€ Lo posinl.ind thal cuvbvlicien may rvesult from
vertical motilon, then the optlimn wegion ol CAY trould be in
roglong where the verticoel sheor wan very small., Such regions
might be expected near the core level of any jet and on the silde
where the numerator terms of equation (11) would have sufficiently
1arge‘values. The above raosoning 1o nolt repbricted to CAT,
The existence of omall vertieal shenr in the stack of a thimder-
ptorm might be one aspeat of thunderstormn Lurbulence.
5+ NUOTERATOR TERMS
Consilder the effect of indlviduval numerator terms of (14)

that will contribute to vertical velocity, when JY§ >0

. 7

i Q/

Q

piv_'V . Motion is upwerd for negative values (convergence)

e

and dovmward for positive values (dlvergence).

Rot_V_. Motlon is upward for positive values (eyclonie

nl

fiH

vorticlty) and downward for negative vélues (anticeyeclonie vor-
tielty).

Defz'Ve. Motion 1s upward for negative values (stretching
';;;;;aféo the flow and ceonbtraction along the flow) and down-
ward for positive values (contraection novmal to the flow and
stretching along the flow).

Def VE. Motion is upward for positive values (cyelonic shear

—————

along the flow and anticyelonic shear normal to the flow) and

downward for negative values (eyclonic shear normal to the flow
and antleyclonic shear along the flow).
-8 -



Def_ V_ and ~ Deofi! ‘Vw. Motlon 1s upward woen the algebralic sum
<l L o

k24

is negative. IT the abuolute values of Defe'va and Def’g VE

are the same, then the axls of deformation would be along a line
from 22 1/2 to 202 1/2 for westerly flou, 157 1/? to 337 1/20
for southwesterly flow, and 112 1/2° %o 292 1/2° for southerly
flow.~ For southwesterly flow this Indicates that features should
be deformed 2long a general northwest to soutbtheast line. The
southeast tilt of 500 mb. troughs has long been one parameter in
the forecasting of severe thunderstorms. Assuming such t1lt to
result Trom optimum deformation in a southwesbterly flow, the con-
alusion 1s that such a tilt favors vpward motion. Motion is douwn-
ward_when.the algebraic sum 1s positive. In such eaée (for Defa
Vznumerically equal to Def*a Ye) the axis of deformation would

be along a line from 112 1/2° to 292 1/2° for westerly flow,

67 1/'20 to 2L7 1/'2o for southwesterly flow, and 22 1/2° to

202 1/2° for southerly flow. ‘

dvg/dt. Motion is upward for negative vaiues (deceleration) and

downward for positive values (acceleration).

(v2 —-Vga) X k. Motion is upward for negative values (subgeo-_

strophic winds) and downward for positive values (supergeostrophic
winds). ‘

Tn most instances the numerator terms will be interrelatod.
There ﬁill-be a tendency for one term to be balanced by the other
terms. Nevertheless,., when one term is unusually large, it can be
interproted as a warning of significent vertical motion, and other

techniques can then be applied to ascertain if the vertical motion
..9..



is aoctually present.
6. SUMMARY

The expansion of the horizontal equatlion of motlon ipolntes
features of the horizontal flow that are related to vertical
motion. Although the equation cannot be used to obtain quanti-
tatiﬁe values of vertical motlion, 1t can be used to diagnose
sueh features as divergence, vortieity, deforméfidn, acceleration,
ageostrophicity, and vertlcal shear of the horizontal flow, with:

respect to vertical motilon.

- 10 -
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A method is presented for computing vertical velocity from winds
aloft and contour height data. The values computed are instantaneous
but are means with respect to small horizental areas and shallow layers,
The methéd is based on solutions to the first two equations of motion.

As a by-product, local accelerations of the horizontal wind aée also
obtained, and from these the rates of vorticity and divergence production
may also be computed. 7Two examples are presented in which the method
was applied. The examples indicate that there may be typical vertical
motion, vorticity production, and divergence production fields asso-
ciated‘with thunderstorms and tornadoes. The method can be machine

programmed for operational use in short range forecast problems.

P

1. INTRODUCTION

Some knowledge of vertical velocity is required in most forecast
problems. Since vertical velocity is seldom measured directly, esti-

mates must be obtained by indirect methods. These methods may be

*This paper is intended only for internal distribution within the
National Severe Storms Project and the District Meteorological Office
at Kansas City, Missouri. ’



thermodynamic, kinematic, or dynamic in their approach. Many methods
have been devised, but most have deficiencies that limit their use on an
operational basis.

It is the purpose of fhis paper to present a new method of computing
vertical velocity, which shows some promise of being wuseful, particularly
with respect to the sub-synoptic scale motions associated with thunder-
storm systems. The method is kinematic and dynamic in its approach;
i.e., it is based on both wind and pressure parameters. It yields
values of vertical velocity that are instantaneous but which are averages
for small horizontal areas and for layers of fairly small thickness.

The only basic data required are horizontal winds and contour heights.
All of the computations can be machine programmed.

The méthod has not yet been tested sufficiently to establish its
worth. The hand computed examples to be given indicate that it has
merit, However, further testing will be required to determine if the
method is acceptable for use. The method is described at this stage
in order that it may be programmed and tested. It is offered specifi-
cally to the Severe Local Storms Center and to the National Severe
Storms Project.

2, BASIC EQUATIONS

The method is based on compatible solutions to the first two equa-
tions of motion. It is assumed that friction and curvature terms are
negligibly small, so that:

%% = f(v-vg) and %% = -f(u-ug) (1)

where u and v are the west-to-east and the south-to-north components of



the wind and du/dt and dv/dt are total accelerations. The subscript,

g, indicates the geostrophic wind,and f£ is the coriolis parameter.
Expanding du/dt and dv/dt and solving for w, the vertical velocity,

yields

£ (v—v ) “uxz v 3y 3t

uy =
v

and

(2)

In each equation of (2) there are terms describing the ageostroph-
icity, the horizontal shear, the horizontal dilatation, the local hori-
zontal acceleration, and the vertical shear. Theoretically, either
equation can be solved for w, and the values obtained would be the same.
In practice, however, one would find values of w differing as the result
of errors in the measurement of the various terms.

From synoptic wind and contour height data one can compute all
terms except gg/gg and gg/gg, which are the local accelerations of the
horizontal wind. Computations of these present a problem. The accel-
erations, given as finite increments between conventional soundings,
even at 6-hourly intervals, are too gross to provide anything close to
the instantaneous values required. Attempts to use such values were
fruitless; the values of w obtained were inconsistent.

Attempts were also made to use assumed values of du/dt and dv/at,
the assumed values being obtained as the displacements that would occur
as characteristic features of the flow advanced. These attempts were
also fruitless.

A further relationship to obtain values of 3u/3t and 3v/at is
required.



3. MEAN AREAL ACCELERATIONS

The equationgin (2) involve 3 unknowns; i.e., w, 3u/dt, and 3v/at.
A third relationship is required to permit a solution.

To simplify the notations, let [f(v - vg) - u du/ax - v dufayl and
(-f (u - ug) - u 3v/3x - v 3v/ay) equal respectively A and B, let du/pt
and 3v/3t equal respectively u' and v', and let 3u/dz and 3v/3z equal
respectively u* and v*. Then

w=-1-\-l?:_.-“-l-'- and w=-ll\-,§;-y—'- (3)

At any point the value of w must be the same from either equation

in (3), so that

A -y -1
u“u B -v (4)

The problem has now been reduced to one equation in two unknowns,
specifically, u' and v'.
An assumption is now made that values of u' and v' at two adjacent

points, 20 and gl, are approximately equal. Then

A - ut B - !
0 _ [e]
TEY = Iy and
o
Al - ut _ Bl - V! ()
ki UE-
Uy Vi

The equations in (5) can now be solved for u' and v' and their
values substituted in either equation in (3) to obtain w. This maneuver
assures consistent values of w; they will be the same in both equations
in (3).

The assumption made is obviously not true. It does not yield u',

v', and w at either P, or P Rather, it is an approximation of these

ll
values which must be interpreted as the mean between P, and B,.




To obtain a more effective mean for a particular point, consider the
area surrounding a point, go, as defined by a cross with equi-distant
points on the arms, P,, 22, 23, and'g4 as shown in figure 1. Form
equations such as (5) for each of the 5 points. Then compute individual
values of u' and v' with respect to the central point and the points

on each arm of the cross. The four values each of u'! and v'! can then
be averaged, and these average values used as mean areal accelerations
for the area defined by the cross. The average values may then be
substituted in either equation of (3) to yield a value of w, which is

a mean for the area defined by the cross. The value is also a mean
with respect to a layer whose thickness is defined by u* and v*. The
mean value obtained is then assumed to be the approximate value for the
central point of the cross.

The use of both u' and v! in (3) to obtain w is not necessary,
except as a check. Either can be used. The value of w will be the same
in either case,

In the event that either u* or v* is zero, only one component of
the local acceleration can be obtained. For u* equal to zero, u! equals
A and v' is not determined. for v* equal to zero, v' equals B, and
ut is not determined. If both u* and v* should be equal to zero, no
solution is possible. Fortunately, this condition is not likely to
occur. There is virtually always some vertical shear in the horizontal
wind. |

The mean values of u' and v' are useful by-products of the compu-
tations. Used by themselves, they show regions in which significant

accelerations are occurring. If added to the initial winds for short



time intervals (e.g., one to three hours), they yield prognoses of
the horizontal flow. In this application the prognosticated wind
fields can then be analyzed to show the expected change of divergence
and vorticity with respect to time.

There are no restrictions on the application of the method. It
can be applied to any layer which can be adequately described by the
horizontal wind and contour height fields. Errors that may occur in
the measurements are not accumulative; computations for one layer are
completely independent of those for another layer. Suggested levels of
application are: 850 mb. contour heights and winds with vertical shear
obtained from winds between 3,000 and 7,000 ft.; 700 mb. contour
heights and winds with vertical shear obtained from winds between
8,000 and 12,000 ft.; and 500 mb. contour heights and winds with vertical
shear obtained from winds between 16,000 and 20,000 ft.

The capability of making prognostic contour height charts at small
reiterative intervals exists at the National Meteorological Center.
Looking further ahead, it would be theoretically possible to use these
prognoses with wind prognoses as obtained above to obtain reiterative
prognoses of both contour height and wind fields. Such prognoses would
probably tend to "run away" if attempted for long periods of time..
However, they might be useful for the short periods of concern to the

severe storm forecaster and to the aviation forecast of winds aloft.

4, AN EXAMPLE FOR A CONSTANT PRESSURE CHAR?‘
The sectional 500 mb. chart for 1800C, May 3, 1961, shown in
figure 2, was used to test the method. A 60 n. mi. grid of 110 points
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was applied +¢o the central-midwest area. The various parameters were
plotted at individual observing stations, and from analyses of the
parameters, values were determined at each grid point. The analyses
were as follows:

a. Horizontal wind components., Wind direction and wind speed

were decomposed into u- and v- components at each observing station,
and analyses were made of each. These analyses are shown in figures
3 and 4. Values were read and tabulated at each grid point. Values |
of the four horizontal space derivatives were obtained as finite

differences for each of the 72 interior grid peoints, using a measurin

«

interval of 120 n. mi. The products of the space derivatives with the
appropriate u- and v- components were also formed and tabulated. .

b, BAgeostrophic wind components. Contour heights were analyzed

for each 50 ft. and the geostrophic wind direction and wind speed

were computed at each observing station. The contour analysis and geo-
strophic winds are shown in figure 5. In the computation of geostrophic
wind speed, the same measuring interval of 120 n. mi, was used. This

is necessary to assure that the computed values are of uniform scale.
The direction and speed of the geostrphic wind was then decomposed into
its u_ and Vg components. The differences, (u -

g %
then formed at each observing station and were then multiplied by f.

and - were
) and v yg)

A constant value of 0.3 hr T was used for f. There was some error
involved in assuming this yalue to be constant. Values of f (u = gg)

and f(v - Xg) were then plotted for each:observing station,and analyses



were made. From these analyses values were read and tabulation for
each of the 72 interior grid points. The analyses are shown in figures

6 and 7.

c. Vertical shear. Winds at 5 and 6 km. were used to obtain

u* and v*. The winds at both levels were decomposed into their u and
v components and u* and v¥* were determined as the differences. The
units of vertical shear were then converted to kt. (n. mi.)°l. The
values were then analyzed,and from the analyses values were read and

tabulated at each of the 72 interior grid points. The analyses are

shown in figures 8 and 9.

d. Local accelerations. From the tabulated values,? and B
were formed for each of the 72 interior grid points. Values of A,
B, u*, and y* were then used to form equations of type (4) at each of
the 72 interior grid points. These were then solved in the manner
previously described to yield u' and v'. In the case of the outer
rows and columns of the 72 interior grid points, the averages could be
made only with respect to 3 arms of a cross. Elsewhere, all 4 arms
of the cross were used. Values of u! and v! were tabulated. Analyses
of u' and v! are shown in figures 10 and 11.

e. Vertical velocity. Values of A, B, u', v!', u® and v¥

were then substituted in equations (3) to yield w. Both equations
were solved for a consistency check, An analysis of w is shown in

figure 12,

f. Sample computation. The computation with respect to

grid point 24 (vicinity of Liberal, Kansas) is shown in Table 1.



TABLE 1 --- Tabulations and computations to obtain u', v', and
@ at Grid Point 24, 500 mb., 1800C, May 3, 1961
Crid Pt u v (au), (Au)y (av),, (Av)y
kt. kt. € kt. (120 n. mi.)2t s
4 29 12
13 32 15
14 33 12 2 -12 - 7 0
15 34 8
22 33 18
23 38 14 8 -13 ) 3
24 41 12 4 -17 6 0
25 42 8 1 -14 - 8 0
26 42 4
33 45 12
34 50 12 3 -10 - 4 S
35 48 8
44 51 12
-udu/3x |-vou/dy —uav/'ax ~vav/ay f(v-v )| -f(u-u )
Grid Pt -1 21 1 -
kt.hr.~ |kt.hr, kt.hr. kt.hr. kt.hr.=1] kt.hr. 21
14 -0.6 1.2 1.9 0.0 1.0 -1.0
23 -2.5 1.5 1.9 ~0.4 0.5 0.5
24 -1.4 1.9 2.0 0.0 0.5 -0.5
25 -0.3 0.9 2.8 0.0 5.0 -2.5
34 -1.3 1.0 1.7 0.0 0.5 -3.5
. A u* v¥ Equation_
Orid Pt} 3o netl {keobes? |ktonemit?  {kt.nemitl Kt.n.mi. *
14 1.6 0.9 - 2 -18 g u - vyt = 13,5
23 -1.5 2.0 -5 ~-15 Jul -yt o= 6.5
24 1.0 1.5 - 4 -18 gut - 2v= 6.0
25 5.6 0.3 1 -22 22 ut + v' = 123,5
34 - 0.8 0.7 -2 -20 10 ut - vt = -8,7
Pajired -u! -y!
Solutions kt.hr.t |kt.hr:l B—-fx-,-,-gl = L 0-; 2.8 = 148 0.46 kt.
24-14 -2.33 -7.50
24-23 | -6.33 |-25.50 .
24-25 | -4.77 [-18.46 By =132 2:.72 - 8222 g.a6ke
24- 34 2.13 12,58 -1
Ave. ~2.82 -9.72 w = 23 cm. sec. ~ at Grid Pt. 24
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g. Interpretation of the vertical velocity fields. The

5JCro. field .of w at 1800C, .ay 5, 1864, .ac ccapav.] .ith the RADU
plots of thunderstorm activity for the same time. The plots are shown
in figure 12. One may note that regions of upward motion had no echoes
at all, while three of the regions of downward motion were featured

by echoes.

The region of downward motion from Amarillo to Childress to Abilene,
Texas, shows a fair fit to the areal outline of echoes. The axis of
the stronger echoes lay parallel to, but slightly west of, the axis of
maximum downward motion. A tornado vas reported in one of these echoes
40 miles east of Lubbock, Texas, & short time earlier at 1735C. Another
tornado was reported near Amarillo, Texas, at 1705C. Intensity of the
stronger echo centers ranged up to very strong with echo tops up to
45,000 ft. However, an hour later maximum tops had diminished to
35,000 ft.

The region of downward motion near Fort Stockton, Texas, wvas
featured by a single strong echo. The area of northeastern Oklahoma and
eastern Kansas was featured by an extensive area of echoes, some of which
corresponded to the center of downward motion in eastern Oklahoma,

The presence of downward motion in areas of thunderstorm activity
needs an explanation. This could come about as follows:

(1) Actual motions within the cores of the thunderstorms might
be upward, but with downward motions outside the cores. With the area
surrounding the thunderstorms considerably larger than the cores them-
selves, there would be more of the area subject to downward motion than
upward motion. The computed w, which is for an area, would then show

the motion to be downward on the average.
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{(2) The thunderstorms might have been in the dissipating stage
with downward motions in excess of upward motions. One would then
expect the average w to be downward. Such appears to have been the
case for the storms in the Texas panhandle, since their maximum tops
were diminishing with time.

(3) Vertical velocities at the 500 mb. level would probably be
different from those at lower levels. It is planned to compute W
also at 700 mb. and 850 mb.

Time changes in relative humidity at the 500 mb. level can be used
as a crude measure of the direction of verti
assumption that relative humidity decreases with downward motion and
vice versa. Six stations within the grid made serial rawinsoﬁde obser-
vations so that the changes in relative humidity could be ascertained
for the approximate period 1600-1730. The average changes for the

layer 550 to 450 mb. were as follows:

Station Change in Relative Humidity Vertical Velocity
Abilene 0% -50 cm sec_7
Amarillo -17% -40 cm sec_j
Altus 3% 0 cm sec 1
Ardmore - 2% -10 cm sec:1
Fort Worth - 7% -50 cm sec_j
Oklahoma City - 6% -35 cm sec

The comparisons appear reasonable for all stations except Abilene.
It is indicated that at least the direction of vertical velocity was
correctly determined by the method.

The region of upward motion from Gage to Wichita Falls had no
thunderstorm activity at 1800C. However,'by 2100C, a major squall line

had formed in this area.
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It is tentatively indicated that regions of incipient or developing

thunderstorm activity would be featured by mean upward motion, while
areas of mature or dissipating thunderstorm activity would be featured
by mean downward motion at 500 mb. However, such a premise needs to be
tested with many cases, and such cases should include also the computa-
tions of vertical velocity at other levels,

h. Production of vorticity and divergence. The local changes

in vorticity and divergence can be computed from the mean local acceler-
ations. From the analyses of u' and v' in figures 10 and 11, one can
form (3v'/dx - du'/dy) and (du'/dx + dv'/dy), and assume that these are
equal respectively to d3/dt (dv/dx - du/dy), the local change in vorticity,
and 3/dt (3u/dx + dv/dy), the local change in divergence. This was
done for the 42 interior grid points and the analyses of theée values
are shown in figures 13 and 14. Also shown in the figures are three
tornadoes that occurred a short time after 1800C.

One may note in figure 13 that all the tornadoes occurred in
regions where vorticity production was positive; i.e., vorticity was
becoming more cyclonic. The tornado at 1930C just south of Altus, Okla-
homa, was nicely contained in the maximum vorticity production area of
42 x 10"2 hr.”2., The tornado at 1950 C somewhat south of Gage, Oklahoma,
was not in either maximum area, but it was still in a region where the
production of vorticity was at the rate of about25 x 10"2 hr.'z. The
tornado at 1830C near Fort Stockton, Texas, was south of the area where
computations could be made; however, vorticity production was a maxi-
mum immediately north of its occurrence with a value of 58 x 10-2 hr,~2.
It is indicated that tornadoes occur in regions where substantial amounts

of cyclonic vorticity are being produced at 500 mb. One would expect

and hope that computations at lower levels would show similar results.
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Finally, one would expect that favored location for tornadoes would
be in regions where the net production of cyclonic vorticity through
the column was greatest. Further testing is required to ascertain if
such might be the case, and one would want, also, to ascertain to what
height above 500 mb, the production of cyclonic vorticity might exist.

One may note in figure 14 that all the tornadoes occurred in
regions of positive divergence. The tornado at 1950C somewhat south
of Gage, Oklahoma, is nicely contained in the maximum divergence pro-
duction area of 45 x 1072 hr.” 2. The other two tornadoes are less
favorably located with respect to the maximum areas. It is indicated
that tornadoes occur in regions where substantial amounts of positive
divergence are being produced at the 500 mb. level. One WOuid expect
that there would be convergence production at lower levels and that the
favored location for tornadoes would be in regions of the most intense
divergence-convergence couples. Further testing is, of course, required
to substantiate this.

Finally, the favored location of the tornadoes ought to be in
regions having (1) the maximum vorticity production throughout the éolumn,
and (2) the most intense divergence-convergence couple throughout the
column.

S. AN EXAMPLE FOR A COLUMN

_The 0501C, May 4, 1961, sounding at Ardmore, Oklahoma, was anoma-
lously warm and dry in the column from 940 to 550 mb. A plot of this
sounding is shown in figure 15. In another study the mean vertical

motion occurring at this point during a period of somewhat less than
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an hour was computed by the adiabatic method. A plot of this vertical
motion profile with height is shown in figure 16. The motion was found
to be downward everywhere between 940 and 550 mb. with a maximum down-

ward motion of about 65 cm sec” !

near 750 mb. Since this computation
had dlready been made, it was decided to apply the dynamic-kinematic
method to constant pressure levels with respect to Ardmore and check
the two results for consistency. Compytations were made at 850, 700
and 500 mb., and the vertical motion profile so obtained is also shown
in figure 16. The profiles are in good agreement with respect to their
shapes, but the latter method gave values that vere substantially less.
Nevertheless, the worth of the dynamic-kinematic method is considered
good for the case. The adiabatic computation gave a time averaged
value for the column, while the other computation gave an instantaneous
areally averaged value, Since the anomalous warming and dessication
were quite local, the large values jof subsidence would likewise have

been quite local, and the average value of w for the area would have

been less than the value of w for the local column.

6. SUGGESTIONS FOR IMACHINE PROGRAMMING
It is first required that data from fixed stations be put into the
computer 80 that values at grid points may be obtained. Values that
would need to be obtained in this manner are: u, v, £(v - yg), £(u - gg),
u*, and v*.
Next the computer would be required to form the four horizontal

space derivatives and the products, u du/ax,v du/dy,u 3v/9x, and

v dv/3y.
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Next the computer would be required to form A and B.

Next the computer would need to form the equations at all interior
grid points, as (A - u')u* = (B - v')/v¥,

Next the proper pairs of equations would need to be solved for u'
and v* and their averages obtained.

Finally, either (A - u')/u* or (B - v*)/v* would need to be computed
to yield the values of w.

Values of u', v', and w would then be printed out, preferably in
the proper place on a base map, so that the values could be hand analyzed,

Values of vorticity and divergence at the initial time could be
computed, if desired, from the horizontal space derivatives.

Values of vorticity production and divergence production could
be eemputed from the grid values of y' and y!'.

Values of initial vorticity and divergence could be added to theif
rates of change to yield short period prognoses of vorticity and
divergence. However, this probably should not be attempted for a period
greater than 2 hours.

7. FURTHER COIENTS

It is felt that the best application of the dynamic-kinematic
method is to obtain values of vertical velocity and values of vorticity
and divergence production. Actual values of vorticity and divergence,
as well as values of shearing and stretching deformation, the resultant
deformation, and the axes of dilatation, could also be obtained. For
best results, the computations should be made at several constant

pressure levels.
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In an earlier work the equations in (2) were manipulated to express
W in terms of divergence, vorticity, stretching deformation, and shear-
ing deformation, as well as the ageostrophicity, the local accelera-
tion, and the vertical shear. This somewhat lengthier expression could
still be used toc obtain w; however, it is not necessary. The simpler forms
in (2) are just as good.

The method for computing vertical motion need not be restricted
to thunderstorm forecasting. As indicated earlier, it may have an
application to the short period forecasting of winds aloft. It can
also be applied to jet structures, and it is expected that such an
application would yield some typical vertical motion and acceleration
fields with respect to jet maxima. Perhaps the models currently in
use could be improved from this application. It also appears that the
method could be applied to the problem of clear air turbulence, Appli-
cation to high level charts might reveal isolated areas of vertical
motion and/or accelerating horizontal motions that would lead to clear
air turbulence. It is hoped that the application can be tested on these
problems.

The author considers the contents of this paper somewhat sketchy and
incomplete. It is presented in order that the work done so far may be
made a matter of record and that a basis for machine testing may be
outlined. For this reason, this paper is not intended for distribution to
other than those in the local group who may be interested in applying
the method within the framework given. It is hoped that a more definitjve
paper, containing verified examples,may be prepared at a later date.

No specific references have been quoted. When the paper is revised

at a later date, appropriate references will be included.
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LEGENDS FOR FIGURES

Figure 1 --- Points used in computing mean u', v', and ¥ at Py-

Figure 2 --- Sectional 500 mb. chart for 1800C, May 3, 1961.
Contours (solid lines) are at 200 ft. intervals. Isotherms (dashed
lines) are at 2C intervals. Winds are plotted with a barb equal to
10 kt. and a pennant equal to 50 kt. A contour trough is indicated by
the heavy dashed line.

Figure 3 --- Analysis of the u-component of the wind. Isotachs
are drawn at S kt, intervals. The outline of the 110 point grid is
superimposed.

Figure 4 --- Analysis of the v-component of the wind. Isotachs are
drawn at 5 kt. intervals. Numbers of the grid points have been omitted
on this and succeeding figures.

. Figure 5 --- Detailed contour analysis with contours at 50 ft.

intervals. Geostrophic winds are plotted.

Figure 6 --- Analysis of f(u - gg). Isopleths are drawn at 2 kt.hrot
intervals.
1

Figure 7 --- Rnalysis of £(v - v ). Isopleths are drawn at 2 kt.hr,
intervals, .

Figure 8 --- Analysis of g?. Isopleths are drawn at 10 kt. (n.mi.)-l
intervals.

Figure 9 --- Analysis of v*. Isopleths are drawn at 10 kt. (n.mi.)°1

intervals.

Figure 10 --- Analysis of u'. Isopleths are drawn at 10 kt. hrst

intervals. '
Figure 11 --- Analysis of v'. Isopleths are drawn at 10 kt. hr,t

intervals.
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1

Figure 12 --- Analysis of w. Isotachs are drawn at 25 cm. sec.
intervals. Areas of radar echoes are enclosed by heavy lines, and
individual echoes are shown as solid areas. The positions and times of
two tornadoes near the time of the computations are indicated by
tornado symbols. OCrid point }f24 is indicated by an "X",

Figure 13 --- Analysis of vorticity production. Isopleths are

2 hr._2 intervals. The position and times of the

drawn at 10 x 10~
tornadoes occurring after 1800C are indicated by tornado symbols.
Figure 14 --- RAnalysis of divergence production. Isopleths are

2hr.”? intervals. The positions and times of the

drawn at 10 x 10
tornadoes occurring after 1800C are indicated by tornado symbols.

Figure 15 --- Temperature and dew point plot of the 0501C, May 4,
1961, sounding at Ardmore, Oklahoma. The plot is from the surface to
500 mb. One may note the evidence of subsidence in the layer from
940 to 550 mb.

Figure 16 --- Vertical velocity profiles at Ardmore, Oklahoma,
with respect to the 0501C, May 4, ,1961, sounding. The profiles were
computed for portions vf the column between the surface and 500 mb.
The values are in cm. sec.-l. The solid profile was obtained by the

adiabatic method. The dashed profile was obtained by the dynamic-

kinematic method with computations at 850, 700,and 500 mb.
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